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THE HYDROGEN PURIFICATION OF SUBMICRON NICKEL POWDER 
b Y  
A. David Douglas 
Sylvania  E l e c t r i c  Products Inc e 
ABSTRACT 
A l abora to ry  appa ra tus  was designed, constructed,  and operated to 
p u r i f y  (to a n  oxygen content  of less than  0,05%) 12,5 grams p e r  
hour of submicron n i c k e l  powder by hydrogen f l u i d i z a t i o n  with 
t r a n s p o r t  through a zone which heated the  suspension to 335°C f o r  
22 seconds, Three n i c k e l  powders were charac te r ized ,  one being used 
f o r  d i spers ion ,  reduction, and s to rage  tests.  Although the  treated 
powder r e t a ined  a s p e c i f i c  su r face  of a t  least  three square meters 
per gram during processing, e l e c t r o n  micrographs ind ica t ed  a con- 
siderable degree of agglomeration of t h e  u l t ima te  p a r t i c l e s ,  A 
glove box and argon p u r i f i c a t i o n  system were assembled f o r  handling 
feed, pu r i f i ed ,  and s to red  powder i n  argon conta in ing  less than 
12 ppm oxygen and 8 ppm water. 
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SUMMARY 
The purpose of t h i s  program was to develop equipment and a process 
f o r  t h e  handling, s torage,  and reduct ion  p u r i f i c a t i o n  of submicron 
n i c k e l  powder for use i n  dispers ion-strengthened a l l o y s .  The 
equipment developed w a s  t o  have a capac i ty  f o r  producing 100 grams 
per  eight-hour day of n i c k e l  powder containing 0.05% by weight o r  
less of oxygen and having a s p e c i f i c  su r face  a r e a  equivalent  t o  an  
average p a r t i c l e  diameter of 0.15 micron o r  less. 
Hydrogen, sometimes mixed with argon, w a s  used t o  c a r r y  suspended, 
dispersed powder p a r t i c l e s  through a heated zone and t o  reduce 
chemically t h e  n i c k e l  oxide contained. G a s  temperatures i n  t h e  
hot  zone between 150°C and 510°C were inves t iga t ed  f o r  reduct ion 
using t h e  hydrogen mlxture a t  atmospheric pressure.  The program 
goals  were met using hydrogen without argon a t  a gas temperature of 
335°C when passed concurren t ly  wi th  t h e  n i c k e l  powder through a 
15-inch-long ho t  zone a t  a flow rate which correspcnded t o  a resi- 
dence t i m e  i n  t h e  hot  zone of 22 seconds. 
Procedures were developed f o r  handling t h e  n i c k e l  powder s o  t h a t  i t  
was a t  no t i m e  exposed t o  a i r  o r  oxygen e i t h e r  before  processing o r  
afterward. Storage tests were conducted using var ious  types of 
conta iners  and s e a l i n g  methods t o  determine t h e  best method of 
s t o r i n g  the  cleaned powder t o  prevent oxygen pick-up. A s t a i n l e s s  
s t ee l  con ta ine r  which w a s  thoroughly degassed p r i o r  to use, and 
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sealed with a rubber gasket  under a cover which w a s  t i g h t l y  clamped 
t o  t h e  conta iner  body, r e s u l t e d  i n  a n  oxygen inc rease  a t  a n  average 
ra te  of only 4 ppm p e r  day, 
INTRODUCTION 
Submicron meta l  powders are used to produce dlspersion-strengthened 
a l l o y s  with f i n e  i n t e r p a r t i c l e  spacing. However, these  powders 
e x h i b i t  high s p e c i f i c  sur faces  which are r e a d i l y  contaminated, 
p a r t i c u l a r l y  w i t h  oxygen. Powders of chemically a c t i v e  metals such 
as n i c k e l  r e a d i l y  combine with adsorbed oxygen and thereby acqu i re  
a su r face  l a y e r  of metal  oxide( ' ) .  
s i n t e r i n g  during processing t o  a l loys ,  and may degrade the a l l o y  
p rope r t i e s .  N o  method i s  known to e x i s t  by which submicron n i c k e l  
powder may be p u r i f i e d  of t h e  last t r a c e s  of oxide without t h e  
simultaneous growth of p a r t i c l e s  as ind ica ted  by a decrease i n  t h e  
powder's s p e c i f i c  sur face .  
This i n t e r f e r e s  w i t h  t he  proper 
The purpose of t h i s  i n v e s t i g a t i o n  w a s  to develop a process by which 
a purchased submicron n i c k e l  powder ( i n  t h e  s i z e  range of about 
0.02 t o  0.1 micron) may be p u r i f i e d  to an  oxygen content  of 0.05% 
by weight, o r  l e s s ,  while maintaining a s p e c i f i c  su r face  of 3.00 
square meters per  gram, o r  gyea ter ,  That s p e c i f i c  su r face  w a s  
cons5dered to be equiva len t  to a n  average p a r t i c l e  diameter of 
0.15 micron according t o  t h e  r e l a t i o n s h i p  ( 2 )  which was es t ab l i shed  
f o r  t h i s  program: 
4 
d x S  P a r t i c l e  S i z e  (microns) = 
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where S i s  t h e  s p e c i f i c  su r face  area (m"/g) and d i s  the abso lu te  
d e n s i t y  of the  powder (8.9g/cc). The equipment designed and con- 
s t r u c t e d  t o  accomplish t h i s  i s  to have a capac i ty  of 100 grams of 
p u r i f i e d  powder p e r  eight-hour day. 
The i n v e s t i g a t i o n  covered development of a process and the  a p p a r a -  
t u s  t o  reduce w i t h  hydrogen t h e  oxide content  of submicron n i c k e l  
powder making use of t h e  p r i n c i p l e  of f l u i d t z a t i o n  w i t h  t r anspor t .  
Argon i n  var ious  concent ra t ions  was sometimes mixed w i t h  t h e  hydro- 
gen t o  form t h e  c a r r i e r  gas .  Also i nves t iga t ed  were methods of 
s t o r i n g  the  powder t o  e l imina te  o r  minimlze any inc rease  i n  t h e  
oxygen content ,  methods of d i spe r s ing  t h e  powder i n  the c a r r i e r  
gas, and c h a r a c t e r i z a t i o n  of t h r e e  purchased submicron n i c k e l  
powders. 
CHARACTERIZATION OF THREE SUBMICRON NICIGZL POWDERS 
TABLE OF CONTENTS 
Page 
No a 
Lc_ 
Sampling Procedure . . . . . . . e . . . ., e . . . . . 6 
Analyses * .  e e . . . . . . . . . e e a ., 7 
Microscopic Examination . . . e e e e e . e e 15 
Electron Microscopy . , . e . e e e e a . . e ., e e a e 15 
Nature of the Oxygen Content . . . . e . . . a a e e ., 28 
Micromerograph Measurements . . e e . e . e . . . e 30 
Recommendation . . . * . . ., . . e . . . . . . . e . 32 
Page 6 
NICKEL POWDER CH~LRACTERIZATION 
Nickel powder i n  t h e  submicron p a r t i c l e  s i z e  range w a s  found t o  be 
a v a i l a b l e  from t h r e e  sources,  as l i s t e d :  
1. National  Research Corporation ( N R C ) :  1 pound 
2. S h e r r i t t  Gordon Mines L i m i t e d  (SG): 2 pounds 
3. V i t r o  Laborator ies :  1 pound 
The amounts l i s t e d  above were purchased from each source f o r  
a n a l y s i s  and evaluat ion.  
Sampling Procedure 
The powder con ta ine r s  were placed i n  a glove box along with opening 
tools and s a m p l e  conta iners  such as g l a s s  b o t t l e s  and c o l l a p s i b l e  
t i n  capsules .  I n s i d e  t h e  glove box t h e  samples f o r  a n a l y s i s  were 
placed i n  weighed t l n  capsules  i n  an argon atmosphere, These were 
fo lded  shut  and were crimped t o  provide a f a i r l y  good seal ,  They 
were then  placed i n  a s m a l l  g l a s s  b o t t l e  which was then  sea l ed  
t i g h t l y .  When t h e  g l a s s  b o t t l e s  were removed from the  glove box, 
they were placed i n  a vacuum-type des i cca to r  which was continuously 
f lushed with pure cy l inde r  argon. The s a m p l e s  were s to red  I n  t h i s  
manner u n t i l  t h e  scheduled t i m e  f o r  a n a l y s i s ,  The g l a s s  b o t t l e s  
Were then  removed from the  des icca tor ,  and t h e  t i n  capsules  were 
removed and weighed on an a n a l y t i c a l  balance. They were p u t  i n t o  
t h e  analyzing equipment as soon as possible ,  thus minimizing t h e  
exposure of t h e  s a m p l e  con ta ine r s  t o  a i r .  
Analyses 
Table 1 lists t h e  analyses  obtained i n  our Chemical Ana ly t i ca l  
Laboratory f o r  
Powder 
carbon, and su l f  u r  * 
TABLE 1 
Chemical Ana ly t i ca l  Resul t s  
SG - NRC - VIT __p 
Sulfur ,  % 0.008 0,005 0.016 
Carbon, % 0.19 O , l 7  0,032 
Oxygen, % 8,1 504 1,2 
It should be noted t h a t ,  of  t h e  t h r e e  powders, t h e  Sherri t t-Gordon 
powder conta ins  the least  s u l f u r ,  while t h e  Vitro powder conta ins  
t h e  most. The carbon contents  are considered t o  be of l e s s e r  
importance because o f  t h e  l i ke l ihood  of  carbon being removed from 
t h e  powder during reduct ion ,  The oxygen content  i s  t e n t a t i v e l y  
a l s o  of l e s s e r  "Lportance a t  t h i s  point ,  because of the unknowns of 
t he  reduct ion  k i n e t i c s  and problems t h a t  may be encountered, It 
would be desirable to be a b l e  to p u r i f y  s a t i s f a c t o r i l y  t h e  powder 
having the h tghes t  oxygen content ,  assuming t h a t  those  having lower 
conten ts  would be p u r i f i e d  more e a s i l y .  
Table  2 l i s t s  t h e  analyses  obtained i n  our Spectrographic Labora- 
tory,  both q u a l i t a t i v e  and q u a n t i t a t i v e ,  f o r  those de t ec t ab le  
m e t a l l i c  impur i t ies  which are normally sought, 
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TABLE 2 
Spectrographic Analyses (Resu l t s  i n  $) 
Powder 
A 1  
co 
C r  
cu  
Fe 
Mg 
Mn 
Pb 
S i  
T i  
Zn 
NRC 
0.16 
0.077 
0.01 
>o, 01 
0,23 
0,003 
0.004 
-
>o. 01 
0.019 
0.004 
0,12 
SG - 
0,006 
00 059 
<O. 004 
0.002 
0 0 012 
<O. 001 
<0,001 
<O , 0005 
0,005 
<O. 003 
<o. 01 
V I T  
0,005 
-
0.063 
<O. 004 
0.003 
0,026 
KO, 001 
KO. 001 
<0. 0005 
>0,1 
<O. 003 
<o. 01 
Ag <o 0 0001 >o. 01 N.D. 
B >0,001 N.D. NOD. 
C a  >o, 0001 >o. 0001 =-0.0001 
Mo >o. 0001 N.D. >o. 001 
Sn >o, 01 N.D, N.D. 
W N.D. NOD. >o. 001 
N.D. = Not Detected. 
Elements sought but not detec ted  i n  any of t h e  t h r e e  powders: A s ,  
Ba, Be, Cd,  Ge ,  Sb, Sr,  Ta, Th, Bi. 
The NRC powder has the highest content of metallic impurities, both 
in number detected and their quantity. The Vitro and Sherritt- 
Fordon powders are both purer, the latter being slightly better, 
Table 3 summarizes the results of the physical measurements of sur- 
face area (Brunauer-Emmett-Teller) ( 3 )  and particle size distribu- 
tion (Micromerograph), 
' TABLE 3 
S m r y  of Physical Measurements 
Powder 
Surface Area (BET), m2/g 
Equivalent Particle Size, 
Micromerograph at 50 p s L  
Milligrams Charged 
Milligrams Colbected 
Particles >5 Microns, $ 
Maximum Particle Size, 
Micromerograph at 400 psi 
Milligrams Charged 
Milligrams Collected 
Particles >5 Microns, $ 
Maximum Particle Size, 
Micron 
Microns 
Microns 
Mkrons 
X-Ray Crystallite Size, 
NRC -
39A 
0.012 
70 
8.5 
22.3 
40 
72 
20 
25 
8.5 
0,020 
SG 
25.3 
__. 
0,018 
50 
17 
50 
30 
50 
13 
4-8 
8 
0.020 
Ti02 
10.7 13.5 
q__ 
VIT -
0.042 
82 
13.1 
95.3 
90 
80 
89.3 
14 
50 
0- 035 
Figures 1, 2, and 3 graphically illustrate the complete Micro- 
merograph results of agglomerated powders, The flask used to 
hold the powder while measuring the surface area (B.E.T. method) 
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w a s  charged i n s i d e  t h e  glove box and w a s  sealed with a rubber s top-  
p e r ,  The long neck of t h e  f l a s k  was then  momentarily exposed t o  
a i r  while  t h e  s topper  was removed, and t h e  f l a s k  was quickly con- 
nected t o  the g l a s s  apparatus .  The f l a s k  and g l a s s  apparatus  were 
qu5,ckly evacuated with t h e  vacuum pump, thus minimizing t h e  exposure 
of t h e  powder to any oxygen, A s  Table  3 i n d i c a t e s ,  a l l  t h r e e  
powders have su r face  areas s i g n i f i c a n t l y  g r e a t e r  than  t h e  minimum 
of 3.00 square meters per  gram r e q u i m d  for t h e  f i n i s h e d  powder 
and a l s o  g r e a t e r  than t h a t  requi red  f o r  t h e  purchased powder to be 
used as raw m a t e r i a l  f o r  t h e  p u r i f i e a t t o n  process .  ThLs minimum 
a r e a  i s  4,5 square meters p e r  gram, based on an  equivalent  average 
p a r t i c l e  diameter of 0,10 microns, This table a l s o  l i s t s  the value . 
of su r face  a r e a  (13-5 square meters p e r  gram) as determined by t h e  
same technique and equipment f o r  a t i t an ium dioxide s a m p l e  provided 
by Lewis Research Center,  The L e w i s  r e s u l t  f o r  t h i s  powder i s  
10.3 2 0,2 square me.ters p e r  gram. 
The powder s a m p l e s  used f o r  the Micromerograph measurements were 
s to red  i n  a s m a l l  p l a s t i c  v i a l  i n  t he  a rgon- f i l l ed  d e s i c c a t o r  and 
were exposed to a5.r a s h o r t  t i m e  f o r  weighing and charging to the  
Micromerograph apparatus ,  The atmosphere used i n  the Micromero- 
graph f o r  s e t t l i n g  w a s  n i t rogen .  The amount of powder charged 
and t h e  amount of powder c o l l e c t e d  on t h e  pan af ter  i t  se t t led  are 
recorded i n  the table. However, p a r t  of the powder normally col-  
lects  on t h e  w a l l s  of t h e  apparatus  and cannot s e t t l e  onto t h e  pan., 
This i s  reported to be approximately h a l f  of t h e  powder charged i n  
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the case of most powders tested. Particles smaller than about one 
micron in diameter fall t o o  slowly to be collected on the pan during 
a normal length of time. However, it is assumed that a high 
fraction of the powder in each case consists of agglomerates which 
are incompletely broken up and therefore settle as relatively 
large particles. In order to observe dffferences in the measured 
particle-size distribution caused by dispersion techniques of dif- 
fering severities, the Mfcromerograph was operated at different 
pressures in the deagglomerator. Data shown tn Table 3 were 
obtained at 50 psi and at 400 psi, 
size distribution obtained are seen more clearly in Figures 1, 2, 
and 3. In the case of all three powders, the use of higher pres- 
sure caused less of the larger partieles (agglomerates) to be seen, 
a comparative indication of the relative forces required to cause 
the agglomerates to be broken up in the three powders. Judging by 
the results at 400 psig, the Xherritt-Gordon powder has the 
greater number of small particles (agglomerates) present after- 
the deagglomerator treatment. Therefore, it would appear that 
this powder would require a dispersing treatment of lowest severity. 
This conclusion may not be entirely justified, however, after 
consideration is given to the electron micrographs of the powders 
discussed below. 
The differences in particle- 
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Microscop i c  Examinat ion  
A s  a prel iminary eva lua t ion  technique, t h e  t h r e e  powders were 
examined with a metallograph at  both 1OOX and 1OOOX. Photomicro- 
graphs of t h e  powders are i l l u s t r a t e d  i n  Figures  4, 5, and 6 .  
Fjgure 4 shows t h e  powders as dispersed i n  microscope-slide o i l  a t  
l O O X ,  Figure 5 shows t h e  r e s u l t  a t  1OOOX when t h e  powder i s  col-  
l e c t e d  from a suspension i n  a i r  f a l l i n g  from t h e  v i b r a t o r y  screen  
onto a g l a s s  s l i d e .  Figure 6 shows t h e  powders a t  1OOOX on a metal 
s l i d e  after being smeared while wet with methanol and then  d r l e d ,  
These examinations r e v e a l  t h e  presence of many agglomerates, p a r -  
t i c u l a r l y  before  any shear  fo rces  are a p p l i e d .  
Even after being smeayed, agglomerates s e v e r a l  microns i n  d i a m e t e r  
a r e  s t i l l  present .  P a r t i c l e s  smaller than about one-half micron 
i n  diameter probably do not appear i n  these  photomicrographs. 
However, i t  is  apparent  t h a t  t he  Vi t ro  powder conta ins  more of  
t he  very l a r g e  p a r t i c l e s  o r  agglomerates and t h a t  t hese  p a r t i c l e s  
o r  agglomerates r e q u i r e  a g r e a t e r  shear  f o r c e  t o  be broken apart 
than  those of t h e  NRC o r  Sherri t t-Gordon powders. 
E lec t ron  Microscopy 
Examination with t h e  e l e c t r o n  microscope t o  provide micrographs a t  
magnif icat ions of 12, OOOX and 50, OOOX was subcontracted t o  t h e  
General Telephone and E lec t ron ic s  Laborator ies  a t  Bayside, New York. 
Both Sylvania E l e c t r i c  Products and General Telephone and 
E lec t ron ic s  Laborator ies  are s u b s i d i a r i e s  of General Telephone and 
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NRC 
b )  S h e r r i t t  Gordon c ) Vit ro  Laboratories 
Figure 4 Nickel Powders i n  O i l  at lOOX 
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NRC 
b) Sherritt Gordon e) Vitro Laboratories 
Figure  5 Nickel Powders, as Dusted on Slide at l O O O X  
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NRC 
b) Sherritt Gordon e) Vitro Laboratories 
Figure 6 Nickel Powders, Dusted and Smeared at l O O O X  
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The powders were s tudied,  using n i t rogen  as a p r o t e c t i v e  atmosphere 
during a l l  operat ions,  and the  following r e p l i c a t i o n  technique w a s  
s e l e c t e d  f o r  s a m p l e  p repa ra t ion  to g ive  as r e p r e s e n t a t i v e  r e s u l t s  
as poss ib l e ,  
The powder was dispersed on a g l a s s  s l i d e  using pure amyl a c e t a t e  
i n  order  t o  produce very  l i t t l e  viscous shear .  A carbon f i l m  was 
deposi ted over t h e  p a r t i c l e s  and was then  removed with a very 
d i l u t e  s o l u t i o n  of hydrof luor ic  ac id  i n  d l s t i l l e d  water. The d i lu -  
t i o n  was s u f f i c i e n t  to avoid a t t a c h  of t h e  n i c k e l  p a r t i c l e s ,  
The carbon f i l m  f l o a t e d  off t h e  s l i d e  and r e t a ined  the  n i c k e l  
p a r t i c l e s .  This was subsequently examined i n  t h e  e l e c t r o n  micro- 
scope. Figures  7, 11, and 15 show t h e  t h r e e  powders a t  12,00OX, 
and Figures  8, 9, 10, 12, 13, 14, 16, 17, and 18 show them a t  
50, OOOX, The n i c k e l  p a r t i c l e s  a p p e a r  as s i l h o u e t t e s  (b l ack ) ,  
whereas any fo re ign  p a r t i c l e s  which are a t tacked  by the  d i l u t e  
hydrof luor ic  a c i d  s o l u t i o n  a p p e a r  r e p l i c a t e d  ( t r a n s p a r e n t ) .  
These f i g u r e s  show t h a t  t h e  Vi t ro  powder is more h igh ly  aggregated 
and more d i f f i c u l t  t o  d i spe r se  than t h e  NRC or S G  powders. There 
i s  evident  i n  t h e  NRC powder a high populat ion of p a r t i c l e s  i n  t h e  
range 100 t o  200 angstroms (0.010 to 0,020 microns) i n  diameter. 
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Figure 7 NRC N i c k e l  Powder at, 12,  OOOX 
c 
Figure 8 NRC N i c k e l  P o w d e r  a t  5 0 , O O O X  
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Figure 9 NRC Nickel Powder at 5 0 , O O O X  
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Figure 10 NRC Nickel Powder a t  5 0 , O O O X  
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Figure 11 S h e r r i t t  Gordon Nickel Powder a t  1 2 , O O O X  
Figure 12  S h e r r i t t  Gordon Nickel Powder a t  5 0 , O O O X  
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Figure  13 Sherritt Gordon Nickel Powder at 5 0 , O O O X  
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Figure 14 Sherritt Gordon Nickel Powder at 50,OOOX 
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Figure 15 Vitro Laboratories Nickel Powder a t  1 2 , O O O X  
Figure 16 Vitro Laboratories Nickel Powder  a t  5 0 , O O O X  
i 
Figure  17 Vitro Laboratories Nickel Powder at 5 O , O O O X  
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Figure 18 Vitro Laboratories Nickel Powder at 5 0 , O O O X  
The main advantages of t h e  S h e r r i t t  Gordon powder over t h e  Vi t ro  
powder are low pr ice ,  low s u l f u r  content,  less r e a c t i v i t y  i n  air, 
h igher  su r face  area, b e t t e r  p a r t i c l e - s i z e  d i s t r i b u t i o n  as lnd ica t ed  
by t h e  Micromerograph, and ease of d i spe r s ion  of t h e  powder agglom- 
erates as ind ica t ed  by microscopic smears and deagglomerator p r e s -  
sure .  The main advantages of the  S h e r r i t t  Gordon powder over t h e  
NRC powder are low pr ice ,  b e t t e r  spectrographic  analyses,  and 
somewhat b e t t e r  (smaller) p a r t i c l e - s i z e  d i s t r i b u t i o n  as indica ted  
by both high and low pressures i n  t h e  Micromerograph, The V i t r o  
powder i s  d e f i n i t e l y  not a d e s i r a b l e  choice, bu t  t h e  NRC I s  a 
p o s s i b i l i t y ,  based p r imar i ly  on t h e  e l e c t r o n  micrographs a t  50, OOOX. 
These show t h e  NRC powder t o  be more r e a d i l y  d i s p e r s e d  i n t o  very 
small par t ic les  (under 200 angstroms) than t h e  S h e r r i t t  Gordon 
under t h e  condi t ions  used for prepara t ion  of e l e c t r o n  micrographs. 
However, undispersed agglomerates are present  i n  t h e  p r e p a r e d  s a m p l e s  
of t h e  NRC as w e l l  a x  t h e  o t h e r  powders, and may s t i l l  account f o r  a 
high-weight f r a c t i o n  of t h e  sample. 
Two a d d i t i o n a l  types of measurements were made on t h e  purchased sub- 
micron n i c k e l  powders, as described below, 
Nature of t h e  Oxygen Content 
Samples of each powder were obtained i n  t h e  glove box i n  a good argon 
atmosphere and submitted t o  our Ana ly t i ca l  Laboratory f o r  a series of 
measurements. 
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Each sample  was heated i n  a tube furnace with a n i t rogen  atmosphere 
a t  375°C f o r  one hour, A f t e r  the  weight l o s s  w a s  determined, t h e  
sample was-heated aga in  with a hydrogen atmosphere a t  925°C f o r  one 
hour; and the  weight l o s s  aga in  was determined. P a r t  of t h i s  
hydrogen-reduced s a m p l e  was then  analyzed f o r  r e s i d u a l  oxygen i n  
the  Leco conductometric analyzer .  The weight l o s s  i n  n i t rogen  
was considered to be absorbed gas o r  moisture, and t h e  weight l o s s  
i n  hydrogen was considered t o  be oxygen which had been chemT..eally 
combined with n i cke l .  The s a m p l e  a f te r  t h e s e  furnace  t reatments  
w a s  w e l l  s i n t e r e d  s o  t h a t  t h e  pickup of oxygen from the  atmosphere 
would be expected to be neg l ig ib l e .  Therefore, t he  r e s i d u a l  oxygen 
found by t h e  Leco ana lyzer  was considered to c o n s i s t  e n t i r e l y  of 
oxygen which was chemically combined with those impurity elements 
present  i n  the  o r i g i n a l  n i c k e l  powder and which was not reducib le  
by hydrogen a t  925°C. The r e s u l t s  obtained are l i s ted  i n  Table 4 .  
Successive Analyses of Nickel Powder 
NRC V i t r o  -SG -Source of Nickel Powder: 
% Loss i n  N 2  (H20) 2.70 0.68 0.22 
% Loss i n  H 2  ( 0 )  3.04 9.14 1.23 
% Res idua l  Oxygen o e 0125 0.146 0,139 
Tota l  5.75 9.97 1.59 
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One poin t  of s ign i f i cance  f o r  t he  r e s i d u a l  oxygen r e s u l t s  i s  t h a t  
t h e  NRC and V i t r o  powders con ta in  more oxygen t h a t  i s  not  remova- 
b l e  by hydrogen reduct ion  a t  925°C than  t h e  maximum al lowable 
oxygen content  (0.05%) of t h e  hydrogen-cleaned powder according 
t o  t h e  requirements of t h i s  con t r ac t .  
I n  t h e  Leco ana lys i s ,  carbon reduces (at 1600~~) oxides which are 
present  as impur i t i e s  and are not reducib le  i n  hydrogen (a t  925°C) .  
Although i t  may be d i f f i c u l t  t o  say p r e c i s e l y  which metals a r e  
reduced by carbon under the condi t ions  of t h i s  ana lysfs ,  it may be 
d e s i r a b l e  t o  cons ider  t h e  amount of impurity metals which would 
probably not be reduced from t h e i r  normal oxides by hydrogen. 
Table  5 shows a l i s t i n g  of such impuri ty  metals and t h e i r  oxygen 
equiva len ts  based on q u a n t i t a t i v e  and q u a l i t a t i v e  spectrographic  
analyses  o f  t he  s a m p l e s  a f te r  hydrogen reduction, but before  being 
analyzed for r e s i d u a l  oxygen. 
i s  t h a t  o f  the  o r i g i n a l  "as purchased" powder,) 
(The S h e r r i t t  Gordon a n a l y s i s  used 
Micromerograph Measurements 
The NRC and S h e r r i t t  Gordon powders were run  aga in  i n  the Micromero- 
graph, and the recorder  was allowed to run overnight  while the 
p a r t i c l e s  under one micron i n  e f f e c t i v e  s i z e  s e t t l ed  onto t h e  
de t ec t ing  pan. A s m a l l  f r a c t i o n  i n  t h i s  s i z e  range was indica ted  
f o r  each powder, as shown i n  Table 6 ,  The Micromerograph r e s u l t s  
are k:nbBdeced;ito,:be of some s i g n i f i c a n c e  i n  t h i s  work because they 
show p a r t i c l e  o r  agglomerate s i z e s  which are e f f e c t i v e  i n  deter- 
mintng t h e  powder behavior during s e t t l i n g  i n  a gaseous medium. 
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TABLE 5 
Impurity Metals and Their Oxygen Equivalents 
Not Reduced by Hydrogen at 925°C (%)  
Sherritt Gordon NRC Vitro 
Metal M- 0 quiv, Metal 0 Equiv', ketal 0 Equiv. 
A1 
B 
Ca 
Cr 
Mg 
Mn 
Si 
Ti 
Zn 
0.006 
N.D. 
<o. OOl++ 
<o. OOl* 
<o. 001 
<o * 0001'* 
0.005 
N.D. 
N,D. 
0.005 
<O. 0004 
<o. 0009 
<o, 0007 
0.006 
0.10 
KO. 01* 
<o 9 OOl++ 
0,Ol 
0.002 
0.005 
0.015 
<Os 003 
0.05 
0,089 
<o. 022 
<O. 0004 
0.009 
0,0013 
0.003 
0,017 
<o 0 002 
0,012 
0.005 
N.D. 
0,001* 
0,004 
<o. 001 
<o e 001 
>o. 10 
ao. ooiit 
N.D, 
0.0044 
- 
0.0004 
0,004 
<o e 0007 
<o. 0006 
<o. 0007 
>O. 114 
+ Total 0 
Equiv. : O.Oll/O. 013 0.1313/0.1557 30,1228/>0. 1248 
N.D. - Not detected by qualitative analysis, 
1+ - Qualitative analyses; all others quantitative. 
f' - Totals: First ftgure is for total except for items 
marked <; second figure includes these items. 
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TABLE 6 
Overnight Micromerograph Results 
Deagglomerator Pressure = 400 psLg 
Range of Percent by Weight 
NRC Sherritt Gordon -Particle Diameters 
Microns 
27-9 6.6 0 , O  
9-1 86-5 97.3 
1.0-0.67 4.1 207 
O e 67-0 e 47 2,8 0.0 
0.47-0.30 P 0 , O  000 
Total 100.0 100,o 
RECOMMEJXDATION 
Based on the results reported above f o r  the three purchased sub- 
micron nickel powders, it was recommended that future work be 
confined t o  the Sherritt Gordon powder. 
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INTRODUCTION 
It was necessary to design a l abora to ry  apparatus  which would have 
s u f f i c i e n t  f l e x i b i l i t y  to al low s tudy  of many experimental  va r i a -  
bles,, I n  proposing a des ign ,cons idera t ion  was given to the f o l -  
lowing assumptions: 
1. The temperature requi red  f o r  reduct ion  would cause the powder 
p a r t i c l e s  to grow o r  s i n t e r  toge ther  s i g n i f i c a n t l y ,  ( s o  t h a t  
t h e  su r face  a r e a  would be decreased below t h e  3 m2/g minimum 
allowed) i f  t h e  powder were i n  a f ixed  bed o r  contained i n  a 
manner that  would al low p a r t i c l e s  to rema'in i n  contac t  w i t h  
each o the r  during t h e  hea t ing  cycles .  
2. P a r t i c l e s  of extremely f i n e  powder would have a g r e a t  tendency 
to clump toge ther  o r  to agglomerate i n t o  much l a r g e r  masses 
(agglomerates) of powder which would be held toge ther  by 
re la t ' ive ly  weak fo rces  such as su r face  o r  e l e c t r o s t a t i c  
fo rces  as con t r a s t ed  w i t h  s t rong  in te ra tomic  fo rces  such as 
those present  i n  c r y s t a l  l a t t i c e s .  This i s  not to say  tha t  
such fo rces  would n e c e s s a r i l y  be e a s i l y  broken o r  e a s i l y  
prevented from being e f f e c t i v e .  
3 .  Some i n v e s t i g a t i o n  would be necessary to determine how best  to 
break up agglomerates o r  t o  d i s p e r s e  t h e  powder p a r t i c l e s  
before  they  e n t e r  t h e  heated p o r t i o n  of t h e  apparatus ,  
4, I n  accordance wi th  S toke ' s  l a w ,  when t h e  powder particles are 
d i spe r sed  success fu l ly  as i n d i v i d u a l  p a r t i c l e s ,  t h e i r  tend- 
ency to s e p a r a t e * f r o m  t h e  reducing gas by g r a v i t a t i o n a l  
s e t t l i n g  w i l l  be p r a c t i c a l l y  n i l  because of t h e i r  extremely 
small s i z e .  This w i l l  b e n e f i t  t he  reduct ion  s t e p ,  but w i l l  
h inder  t h e  c o l l e c t i o n  of the  reduced powder. 
5. A r e l a t i v e l y  s h o r t  reduct ion  t i m e  may be necessary i f  agglom- 
e r a t e s  are broken up, although t h e  p o s s i b i l i t y  e x l s t s  t ha t  t he  
rate of reduct ion  may be l imi t ed  by t h e  r a t e  of adsorp t ion  of 
hydrogen on, or t he  rate of desorp t ion  of water molecules 
from, t h e  p a r t i c l e s .  
6. By achieving a high degree of d i spe r s ion  of the en te r ing  powder 
p a r t i c l e s ,  i t  would not be feasible to consider  a fluidized-bed 
type of operat ion,  nor would it be best to cons ider  a c e n t r i f u -  
g a l  or cyclone type of c o l l e c t o r .  These methods become less 
e f f i c i e n t  as t h e  e f f e c t i v e  p a r t i c l e  s j z e  Ls made smaller, 
However, should a s u f f i c i e n t l y  high degree of d i spe r s ion  not  
be obtainable ,  o r  should s u f f i c i e n t  res idence  t i m e  not  be 
achieved f o r  some o t h e r  reason, t h e  fluid-bed approach could be 
reconsidered. 
A conclusion w a s  made to eva lua te  one o r  two of t h e  powders by sub- 
j e c t i n g  them to d i spe r s ing  t e s t s  to observe t h e i r  behavior during 
passage through a hot  zone while d i s p e r s e d  i n  a gas stream. Most 
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of t h e  e f f o r t  involved feeding the  S h e r r i t t  Gordon powder, a l though 
a comparison was made i n  one s e t u p  with t h e  NRC powder. The powders 
were d ispersed  i n  argon o r  hydrogen, o r  mixtures of argon and hydro- 
gen, 
powder feed rates between 1 .2  and 9 grams p e r  hour were used. A 
hot  zone temperature of 700°C was used f o r  a l l  tes ts  except f o r  one 
a t  400°C and f o r  c o n t r o l  tests a t  room temperature. The average 
res idence  time of t h e  gas s t ream i n  t h e  hot zone w a s  between 1 and 
76 seconds. 
pers ing  technique. 
G a s  flow rates between 6 and 285 l i t e r s  p e r  hour and average 
The d i spe r s ing  tes ts  made use of a high-voltage d i s -  
The p r i n c i p l e  involved i n  t h e  d i spe r s ion  i s  t h a t  p a r t i c l e s  which 
c a r r y  t h e  same e l e c t r i c a l  charge tend to repe l  each other ,  whether 
phys i ca l ly  separated o r  present  i n  t h e  same agglomerate. The 
unknown f a c t o r  i n  using t h i s  technique w a s  whether s u f f i c i e n t  
e l e c t r i c a l  charge can be i m p a r t e d  to t he  p a r t i c l e s  i n  each agglom- 
erate t o  cause them t o  separate and disperse.  It was found neces- 
s a r y  to cause phys ica l  contac t  of t he  powder with a conductive 
su r face  which i s  a t  a high p o t e n t i a l  (+ o r  - )  i n  order  to i m p a r t  
an e l e c t r i c a l  charge. I n  t h e  case of p a r t i c l e s  of a non-conductive 
powder, t h e  amount of charge imparted increases  as t h e  t i m e  of such 
contac t  o r  t h e  e f f e c t i v e  a r e a  of contac t  i nc reases  and t h e  charge 
d i s t r i b u t e s  i t s e l f  over t h e  p a r t i c l e  sur face .  However, i n  t h e  case  
of a conductive powder, such as nickel ,  t h e  maximum charge w a s  
acquired i n  a very s h o r t  time of contact ,  according to t h e  p r i n c i p l e s  
of con tac t  e l e c t r i f i c a t i o n .  
It had been found i n  o t h e r  unre la ted  work with submicron non- 
conducting powder t h a t  d i spe r s ing  was improved by causing t h e  
powder t o  contac t  s m a l l  m e t a l l i c  cones a t  a h igh  e l e c t r i c a l  poten- 
t i a l  placed pointed end up i n  the  downward flowing powder-gas stream, 
APPARATUS AND TESTS 
Prel iminary tests were made t o  a p p r a i s e  t h e  problem of eva lua t ing  
t h e  h igh  vo l t age  d i s p e r s e r ,  F-igure 19 shows a photograph of t h e  
feeding apparatus,  t h e  t ransparent  quar tz  d i spe r s ing  chamber, and a 
con ica l  metal  disperser.  It was found t h a t  t h e  powder c o l l e c t e d  on 
t h e  s lop ing  sides of t h e  cone when a low vol tage  o r  no vol tage  was 
appl ied  t o  it- A vol tage  of 12 kilovolts o r  above caused t h e  powder 
p a r t i c l e s  t o  be r e p e l l e d  from the  cone, but  a l a y e r  could s t i l l  col-  
l e c t  on t h e  s lop ing  su r faces  of t he  quar tz  chamber. 
Powder samples  were c o l l e c t e d  on g l a s s  microscope s l i d e s  which were 
examined a t  a magnif icat ion of 1,00831. This w a s  inadequate f o r  
eva lua t ion  of t h e  e f f e c t s  of t h e  high vol tage,  s i n c e  t h e  smallest 
agglomerate which could be seen on a photomicrograph i s  about one 
ha l f  micron i n  s i z e .  Larger agglomerates were e a s i l y  v i s i b l e ,  bu t  
comparisons could not  be  made t o  eva lua te  d i spe r s ion  e f f l c i ency .  
Therefore,  a t o t a l  of t h r e e  d i f f e r e n t  se tups  were constructed f o r  
t h e  purposes of ob ta in ing  powder d ispers ions ,  and of eva lua t ing  
t h e  e f f e c t i v e n e s s  of t h e  d i spe r s ing  process.  These a r e  i l l u s t r a t e d  
by t h e  sketches shown i n  F igures  20, 21, 22, and 23* Transparent 
quar tz  tubing was used i n  t h e  cons t ruc t ion  of each setup. 
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Figure  19 Feeding Appara tus  
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This  was insulated.  w i th , a sbes tos  t a p e  (placed over i t )  and t h e  hea t ing  
was regula ted  by a temperature c o n t r o l l e r  and thermocouple. 
DESCRIPTION OF APPARATUS 
Apparatus I 
The appara tus  shown i n  Figure 20 provided f o r  contac t  of the powder 
with a hollow tantalum or n i c k e l  cone ( # l h e a d )  o r  a hollow nLckel 
frustum (#2 head),  passage of t h e  powder d i s p e r s e d  i n  argon through 
the  12-inch-long hot  zone, and c o l l e c t i o n  of t h e  powder by g rav i t a -  
t i o n a l  s e t t l i n g  i n  a f l a s k  of l a r g e  cross-sectTonal area, The e x i t  
gas p a s s e d  through a bubbler containing vacuum pump a i l ,  whsich was 
found t o  t r a p  t h e  s m a l l  amount of powder which did not  s e t t l e  out  
i n  the  c o l l e c t i o n  f l a s k .  
S h e r r i t t  Gordon powder w a s  f e d  over a per iod of time with an  argon 
flow rate between 6 and 30 l i t e r s  p e r  hours. 
For t h e  tes ts  run us ing  t h i s  apparatus,  t he  vol tage  a p p l i e d  t o  t h e  
d i s p e r s e r  cone w a s  i n  the  range -2 t o  -12 k i l o v o l t s  or i n  the  range 
+2 t o  +9 k i l o v o l t s .  A f t e r  a reasonable  q u a n t i t y  of powder w a s  col-  
l e c t e d  i n  t h e  f l a s k ,  t h e  opera t ion  was stopped and the  f l a s k  w a s  
disconnected a t  t h e  Tygon connections and stoppered. The f l a s k  was 
then placed i n  t h e  glove box. Samples of t h e  powder were placed i n  
sample  con ta ine r s  f o r  measurements of t h e  s p e c i f i c  sur face .  
It was observed t h a t  oecasionalby, during the tes t  run, clumps of 
powder agglomerates were dislodged from t h e  s lop ing  quar tz  su r face  
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i n  t h e  disperser chamber and f e l l  r a p i d l y  through the  hot  zone l n t o  
the  c o l l e c t i o n  f l a s k .  When t h i s  occurred, t h e  gas flow through t h e  
hot zone w a s  d i s turbed  and produced pe r iod ic  surges  which were seen 
i n  t h e  discharge gas bubblers.  
Apparatus I1 
The apparatus  shown i n  Figure 2 1  was designed to prevent undispersed 
powder f a l l i n g  through t h e  hot  zone and being tncluded i n  t h e  col-  
lected powder. Any undispersed powder f e l l  into a separate detach- 
able v e s s e l  l oca t ed  d i r e c t l y  beneath t h e  f eede r  and disperser head. 
The dispersed powder was c a r r i e d  out through the h o r i z o n t a l  o u t l e t  
tube and then  through t h e  hot  zone and c o l l e c t e d  s e p a r a t e l y  i n  a 
manner similar to t h a t  used before .  The c o l l e c t t o n  f l a s k  could be 
detached by removing a s h o r t  s e c t i o n  of rubber tubing from the  quar tz  
tube which contained t h e  hot zone. The f l a s k  w a s  i s o l a t e d  from the  
atmosphere by f i r s t  c los ing  t h e  rubber tubing with a squeeze clamp. 
The f l a s k  could then be placed i n s i d e  the  glove box f o r  e x t r a c t i o n  
of t h e  powder i n  an  argon atmosphere. The v e r t i c a l  quar tz  tube was 
smaller i n  I .D .  (12  mm) to minimize back flow o r  eddying i n  the hot  
zone. Using t h i s  setup,  tes ts  were run to eva lua te  d i spe r s tng  
e f f i c i e n c y  i n  a manner szmilar to t h a t  used before .  Argon, hydro- 
gen, o r  mixtures of t hese  gases  were used with flow rates between 72 
and 285 l i t e rs  p e r  hour. 
and 9.4 grams p e r  hour and p o t e n t i a l s  a p p l i e d  to the disperser head 
were between -4 and -15 k i l o v o l t s  o r  between +4 and +l7 k l l o v o l t s ,  
as shown below wlth the  r e s u l t s .  A l l 6 a m p l e s  were measured f o r  
Average powder feed rates were between 0.5 
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s p e c i f i c  su r face  if they were l a r g e  enough, ahd some samples  run i n  
t h e  presence of hydrogen were a l s o  analyzed f o r  oxygen content  to 
give  a prel iminary concept of t h e  ease  of oxygen removal. 
Apparatus 111 
The apparatus  shown i n  Figures  22 and 23 w a s  designed to ob ta in  more 
b e n e f i t  i n  d i spe r s ing  the powder from the i n l e t  flowing gas stream, 
and provide a g r e a t e r  p r o b a b i l i t y  of con tac t  of t he  undispersed 
powder, as we l l  as of t h e  powder coming d i r e c t l y  from the feeder ,  
with the  disperser head. The powder f e d  from the  v i b r a t o r y  screen  
f e l l  onto e i t h e r  the d i s p e r s e r  head, which cons is ted  of a hollow 
n icke l  frustum, or t h e  400-mesh screen  through which the i n l e t  gas 
flowed. Both were connected to the  high vol tage  source and aided i n  
charging the  powder p a r t i c l e s .  The dispersed powder was c a r r i e d  out 
w i t h  the  gas through the  h o r i z o n t a l  o u t l e t  tube, v e r t i c a l l y  upward, 
and then  v e r t i c a l l y  downward, through the hot  zone. The treated 
powder w a s  separated from the  e x i t  gas stream e i t h e r  by s e t t l i n g  out 
or by c o l l e c t i o n  on t h e  in s ide  su r face  of the e l e c t r o s t a t i c  p rec ip i -  
t a t o r  (Figure 2 0 ) ,  The p r e c i p i t a t o r  w a s  loca ted  i n s i d e  t h e  i n t e r -  
change compartment of t h e  glove box and was surrounded by the i n e r t  
atmosphere of t h e  glove box. Af t e r  t h e  t es t  run w a s  complete, t h e  
powder was removed, weighed, and s a m p l e d  i n  the  glove box i t s e l f .  
Tes ts  were run to evalua te  t h i s  apparatus  with var ious  gas composi- 
t i o n s  and disperser vol tages .  The t o t a l  weight of powder fed was 
determined and a l s o  t h e  weight c a r r i e d  over and c o l l e c t e d .  Samples 
Figure 22 Appszatus I11 
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of  t r e a t e d  powders which were l a r g e  enough were measured f o r  spec i -  
f i c  su r f ace  by t h e  BET method (3 ) .  A f t e r  t es t  1, the  frustum 
d i s p e r s e r  head ( A )  w a s  removed and a v e r t i c a l  wire was i n s t a l l e d  
which extended from the  c e n t e r  of  t h e  400-mesh screen  to wi th in  
9.5 cm of t h e  feeder screen.  This w i r e  which w q s  used f o r  a11 t h e  
remaining t e s t s  was, of course, a t  t h e  s a m e  d i s p e r s e r  p o t e n t i a l  as 
the  screen  upon which t h e  powder f e l l  (head B ) .  , 
RESULTS, VARIABLES AND EFFICIENCY 
The r e s u l t s  of t he  d i spe r s ing  t e s t s  made i n  t h e  se tups  i l l u s t r a t e d  
i n  Figures  20 and 2 1  are shown, respec t ive ly ,  i n  Table 7 and 
Table 8. These t a b l e s  show the  s p e e i f i e  condi t ions  which were 
changed between t e s t s  as we l l  as t h e  measurements made on the  
r e s u l t i n g  powder. Plots of some of t he  d a t a  i n  Table 7 are shown 
i n  Figures  24 and 25. Plots of some data i n  Table 8 a r e  shown i n  
Figures  26 and 27. 
The residence time of t he  gas stream (conta in ing  dispersed powder) 
i n  t h e  hot  zone as l i s t e d  i n  each t a b l e  was ca l cu la t ed  as fol lows:  
Volume of Hot Zone 
Volume Flow/Time QH, Residence Time - 
TfD2.L IT. (cm2) .cm=3600 sec/hr 
0 , = 7 =  v Q  4.1/hre1000 c c / l  
2.827 (cm)2.cm 
l / h r  BH = 
For Apparatus I, D = 2.3 cm and L = 30.5 em. 
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For Apparatus 11, D = 1.2  em and L = 60 em. 
2.827(1.2F.60 244.2 
l / h r  = 'TpF 0H = 
The residence t i m e  of t h e  powder p a r t i c l e s  could have been less than 
t h a t  f o r  t h e  powder should t h e  powder p a r t i c l e s  or agglomerates be 
l a r g e  enough to f a l l  more r a p i d l y  through t h e  hot  zone. If  t h e  
powder were completely dispersed i n t o  the  u l t ima te  p a r t i c l e s  whose 
s i z e  would be equiva len t  to t h a t  ca l cu la t ed  from the  s p e c i f i c  sur face ,  
t h e  maximum sepa ra t ion  r a t e  of p a r t i c l e s  f r o m  gas due to g r a v i t y  
would occur i n  t h e  case i n  which t h e  smallest s p e c i f i c  su r face  
( l a r g e s t  p a r t i c l e  s i z e )  was obtained. This s p e c i f i c  su r face  was 
3.6 square meters p e r  gram f o r  t e s t  numbers 7 and 17 (Table 8 ) .  
The equivalent  p a r t i c l e  diameter i n  a l l  cases  was ca l cu la t ed  from the  
s p e c i f i c  su r face  using t h e  following r e l a t i o n s h i p :  
4 D = -  P d . s  
where D = p a r t i c l e  diameter, microns P 
d = abso lu te  dens i ty  of p a r t i c l e ,  g/cc 
and S = s p e c i f i c  surface,  m2/g 
The ca l cu la t ed  p a r t i c l e  diameter i n  t h i s  case  is  0.125 microns 
using t h e  d e n s i t y  of n i c k e l  as 8.9 g/cc. 
v e l o c i t y  for a 0.125-micron s p h e r i c a l  pa r t i c l e  can be ca l cu la t ed  
from the following equat ion ( 4 ) :  
The te rmina l  s e t t l i n g  
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2ga2(dl-d2) 
9n 
Vt = 
2 x 9 8 0 3 6 . 1 2 5  x 10-6)2(8.g-0.0018) 
9 (5  x 10-4) Vt = 
v - 1.51 x 10'~ cm/sec t -  
where Vt i s  i n  cm/sec 
g is  cm/sec2 
a is  r ad ius  of p a r t i c l e ,  cm 
d l  i s  dens i ty  of sphere, g/cm2 
d2 is  d e n s i t y  of medium, g/cm3 
n is v i scos i ty ,  p o i s e s  
The d i s t ance  t h i s  p a r t i c l e  would s e t t l e  out of t h e  gas during t h e  
res idence  time of the gas would be: 
lS = B~ ( s e c )  x Vt (cm/sec) = cm 
The decrease i n  res idence  time caused by t h e  p a r t i c l e  s e t t l i n g  t h i s  
d i s t ance  i s  p ropor t iona l  to t h i s  d i s t a n c e  i n  r e l a t i o n  to t h e  zone 
length:  
For t h e  0.125-micron par tLcle  (assuming it t o  be s p h e r i c a l )  
1.6 s e c ) 2  x 1.51 x 10'~ cm/sec = 6.4 
10-6 n@H = ( 
60  cm ( o r  0.0004%) 
A g r e a t e r  change i n  res idence  t i m e  would occur i n  those cases  f o r  
wh5ch a r e l a t i v e l y  high r e s idence  t i m e  f o r  t h e  gas occurred. For 
example, us ing  t h e  same procedure, a ca l cu la t ed  change i n  res idence  
t i m e  of 0.004 seconds (0,0053%) was found f o r  t es t  no. 10 'in 
Table  7, even though t h e  equivalent  p a r t i c l e  s i z e  was smaller. 
Such a s m a l l  change i n  res idence  t i m e  is, of course, i n s i g n i f i c a n t .  
However, a l l  t h e  u l t ima te  p a r t i c l e s  apparent ly  do not  become 
separated from o t h e r  u l t ima te  p a r t i c l e s ,  bu t  remain somewhat 
agglomerated, so  that a g r e a t e r  change (deerease)  i n  res idence  t i m e  
than  ca l cu la t ed  above could occur,  No a t t e m p t  was made t o  de te r -  
mine e i t h e r  t he  ex ten t  of agglomeration af ter  d ispers ing ,  o r  t h e  
change i n  res idence t i m e .  Q u a l i t a t i v e l y ,  agglomeration i n  t h e  
f r a c t i o n  of powder passing through t h e  hot  zone may be judged by 
t h e  s p e c i f i c  su r face  measured on t h e  c o l l e c t e d  powder. T h e  cause 
f o r  decrease i n  s p e c i f i c  su r face  from t h e  o r i g i n a l  (25 m'/g) i n  
t h e  f i n e r  f r a c t i o n  which is  d i s p e r s e d  must be c h i e f l y  the s i n t e r i n g  
between agglomerated ( u l t i m a t e )  par t ic les  which occurs i n  the hot  
zone. Therefore,  those  c o l l e c t e d  s a m p l e s  which e x h i b i t  t h e  lowest 
s p e c i f i c  su r face  must be those  which were t h e  most agglomerated, 
o r  t h e  l e a s t  e f f e c t i v e l y  d i s p e r s e d .  
Another evidence of agglomeration i n  the  f i n e r  (d i spe r sed )  fract-ion 
was the s e t t l i n g  of some powder onto t h e  bottom of t h e  h o r i z o n t a l  
connecting tube which l e d  t h e  powder t o  t h e  hot-zone tube. This 
would not be expected t o  occur i f  none but  completely dispersed 
u l t ima te  p a r t i c l e s ,  e.g., 0.02-micron par t ic les ,  were present .  
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The s p e c i f i c  su r face  values  repor ted  were t h e  r e s u l t s  of measure- 
ment a t  one poin t  only of t h e  BET isotherm using n i t rogen  as t h e  
adsorbed gas ,  There is  evidence t o  i n d i c a t e  t h a t  a c o r r e c t i o n  
f a c t o r  of approximately 0.76 should be appl ied  t o  the repor ted  
values ,  Two comparison samples  were measured both by the same 
technique and apparatus  as were the  n i c k e l  samples, and by Lewis  
Research Center. These measurements d i f f e r e d  by the  above f a c t o r .  
However, cross-checks on n i c k e l  samples  have not been made. 
Apparatus I11 
The r e s u l t s  of t h e  d i spe r s ing  tests made t n  apparatus  I11 are 
shown i n  Table 9. Thts table  shows t h e  s p e c i f i c  condi t ions  which 
were changed from t e s t  t o  t es t  as we l l  as t h e  measurements made 
on t h e  r e s u l t i n g  powder. A s  t h e  table shows, a concent ra t ion  of 
10 volume percent  argon was used i n  t h e  c a r r i e r  gas f o r  each t e s t  
except for t h e  las t  one i n  which 30 volume percent  argon was used. 
A t o t a l  gas-flow r a t e  of 240 l i ters  p e r  hour w a s  used for each 
t e s t ,  which corresponds t o  an  average res idence  t i m e  of t h e  gas i n  
t h e  hot  zone of 2.2 seconds. 
The res idence  t i m e  t n  t h e  hot  zone w a s  obtained from the fol lowing 
formula ( p .46 ) : 
QH = 20827 D2eL (seconds) 
V 
For Apparatus 111, D = 2.2 em, L - 38,i em 
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The d i spe r s ing  e f f i c i e n c y  r epor t ed  is t h e  percentage of powder f ed  
that w a s  c a r r i e d  through t h e  apparatus dispersed i n  t h e  gas  stream. 
The spec i f i c - su r face  values  repor ted  f o r  tests 1, 2, and 6 were t h e  
results of measurement at one poin t  only of t h e  BET isotherm using 
n i t rogen  as t h e  adsorbed gas.  The values  f o r  t e s t s  3 ,  7, and 9 
are t h e  r e s u l t s  of determinat ion of t h e  BET isotherm from s e v e r a l  
po in t s  determined with t h e  Numec surface-area apparatus ,  The 
equivalent  p a r t i c l e  diameter i n  a l l  cases  w a s  c a l cu la t ed  from t h e  
s p e c i f i c  su r face  using t h e  following r e l a t i o n s h i p :  
4 D - -  P - d.S 
where Dp = p a r t i c l e  diameter, microns 
d = abso lu te  d e n s i t y  of p a r t i c l e ,  g/cc 
and S - s p e c i f i c  surface,  m2/g 
Ho d e f i n i t e  t rend  of d i spe r s ing  e f f i c i e n c y  o r  p a r t i c l e  s i z e  appears 
as t h e  disperser p o t e n t i a l  i s  var ied .  However, a b e t t e r  e f f i c i e n c y  
i s  obtained with 4 k i l o v o l t s  on disperser B than is  obtained with 
e i t h e r  no vol tage,  o r  10 k i l o v o l t s  o r  hlgher .  This was obtained 
f o r  e i t h e r  p o s i t i v e  or negat ive  p o t e n t i a l s .  A s i g n i f i c a n t  i nc rease  
i n  e f f i c i e n c y  was obtained, however, when t h e  argon concent ra t ion  
was lncreased from 10% to 30%. Although an e f f i c i e n c y  of 30% was 
obtalned ( t e x t  g), i t  is  s t i l l  doubt fu l  t h a t  t h i s  method of d i s -  
pers ing  the  powder is p r a c t i c a l .  
The d i s p e r s e r  head A ( f rustum) was found to al low a rc ing  t o  occur a t  
vol tages  much above 12 KV, and powder c o l l e c t e d  on the i n t e r n a l  sur -  
faces of t h e  quar tz  d i spe r s ing  chamber. Therefore, t h i s  head was 
replaced by the wire as descr ibed above. The new se tup  p e r m i t t e d  
a vol tage  as high as +30 k i l o v o l t s  to be used on the  d i s p e r s e r  head 
without a rc ing .  However, af ter  powder w a s  f e d ,  a r c i n g  d i d  occur 
and t h e  vol tage  was reduced t o  23 k i l o v o l t s .  Under these  condi t ions  
the  powder w a s  r e p e l l e d  by the v e r t i c a l  w i r e  and some colaec ted  on 
t h e  under s i d e  of t h e  feeding  screen  and holder .  
Apparatus I 
A s  mentioned i n  the  previous sec t ion ,  the  apparatus  ( I )  shown i n  
Figure 20 was found t o  have a n  undes i rab le  opera t ing  c h a r a c t e r i s t i c .  
Clumps of powder were observed to f a l l  p e r i o d i c a l l y  through t h e  hot  
zone and were unavoidably included i n  t h e  s a m p l e  to be evaluated 
f o r  degree of d i spers ion .  The v a l i d i t y  of t h e  eva lua t ion  is  based 
on the  assumption t h a t  a l l  t h e  powder passing through the hot  zone 
would be dispersed adequately enough so  t h a t  a l l  f r a c t i o n s  would be 
subjected to t h e  e leva ted  temperature to approximately equal  ex ten t s .  
This opera t ing  anomaly, however, voided t h i s  basis because t h e  
extraneous clumps of powder not only passed through the  hot  zone 
much more r a p i d l y  than t h e  gas and t h e  b e t t e r  d i s p e r s e d  powder, but  
i t s  temperature r i s e  i s  expected to be a t  a lower r a t e  than t h e  
d i spe r sed  powder. It would the re fo re  g ive  t h e  same ind ica t ion ,  i .e . ,  
a h igh  s p e c i f i c  sur face ,  as extremely wel l -d ispersed  powder, whereas 
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i n  f a c t  i t  w a s  ha rd ly  dispersed a t  a l l .  For t h i s  reason, it is 
somewhat doubt fu l  whether t h e  r e s u l t s  obtained with t h i s  apparatus  
are as meaningful as la te r  r e s u l t s .  However, they  were s tud ied  to 
determine whether any t r ends  were produced by v a r i a t i o n s  i n  any of 
t h e  opera t ing  condi t ions ,  The more de f in i t e  t rends  observed are 
i l l u s t r a t e d  i n  Figures  24 and 25, a l though a t rend may not  be 
e s t ab l i shed  i n  t h e  case of Figure 24. This  f i g u r e  shows t h e  
v a r i a t i o n  of s p e c i f i c  s u r f a c e  xcompanying a change i n  t h e  flow 
rate of argon when the  p o t e n t i a l  a p p l i e d  to t h e  disperser head i s  
t h e  same. A change i n  flow rate au tomat ica l ly  causes an  inverse  
change i n  the  hot-zone res idence  t i m e ,  so  any real  e f f e c t  shown 
may be t h e  change i r z  s p e c i f i c  sur face  with t i m e  i n  t he  hot  zone 
r a t h e r  than a change i n  t h e  e f f ec t iveness  of d i spe r s ing  with a 
change i n  argon flow rate. A more s i g n i f i c a n t  f a c t o r  i n  d i spe r s ing  
appea r s  to be t h e  p o t e n t j a l  a p p l i e d  t o  t h e  d i s p e r s e r  head. This i s  
ind ica t ed  by the  h igher  s p e c i f i c  su r faces  obtained uslng a poten- 
t i a l  of +5 k i l o v o l t s  than  those obtained using ze ro  potent"i1, 
The lower ( o r  absence o f )  s lope  of t h e  5-kv l i n e  a l s o  ind ica ted  
t h e  s m a l l  e f f e c t  of a change i n  hot-zone res idence  time when a 
p o t e n t i a l  i s  app lTed .  Addi t iona l  t i m e  i n  t h e  hot  zone would not be 
expected to exert any s i g n i f i c a n t  e f f e c t  on p a r t i c l e s  which are 
w e l l  d i s p e r s e d .  
Better r e su l t s  were obtained, i, e., h igher  s p e c i f i c  sur faces ,  
when t h e  p o t e n t i a l  appl ied  to t h e  disperser head w a s  f u r t h e r  
increased, e i t h e r  i n  a pos i t i ve ,  o r  i n  a negat ive d i r e c t t o n ,  as 
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i l l u s t r a t e d  i n  Figure 25. This  f i g u r e  shows t h e  changes i n  s p e c i f i c  
sur face  obtained when changes i n  t h e  d i s p e r s e r  p o t e n t i a l  were made 
while using argon flow r a t e s  of e i t h e r  l 2 , g  o r  15.0 l i ters  p e r  
hour. A smaller s c a l e  than was used i n  the  previous f i g u r e  f o r  
t h e  s p e c i f i c  sur face  was used to accommodate t h e  h igher  values  
obtained. The r e g u l a r  Lncrease using a p o s i t i v e  p o t e n t i a l  seems 
to i n d i c a t e  r a t h e r  d e f i n i t e  b e n e f i t s  to be der ived from t h e  use of 
high vol tage  i n  t h a t  b e t t e r  d i spe r s ing  of t h e  powder ev iden t ly  
r e su l t s .  The e r r a t i c  increase  i n  t h e  case  of a negat ive p o t e n t i a l  
raises a ques t ion  as to t h e  real  cause of t h e  h igher  values  of 
s p e c i f i c  su r face  obtained i n  two ins tances ,  The problem discussed 
above could have been more s e r i o u s  i n  these  cases, so  t h a t  t h e  
h igher  values r e s u l t e d  to a g r e a t e r  degree from the  r e l a t i v e l y  
unaffected powder clumps which passed r a p i d l y  through the  hot  zone. 
Higher p o t e n t i a l s  than  +gkv o r  -8kv could not be appl ied  to t h e  
#1 nLckel cone without producing an  arc i n  t h e  argon-powder mtx- 
t u r e .  The top of t h e  2” high  cone w a s  loca ted  1 1/4” below t h e  
v i b r a t o r y  sc reen  which was kept a t  ground p o t e n t i a l .  
The #2 n i c k e l  d i s p e r s e r  head which w a s  i n  the  shape of a frustum 
w a s  placed at the same d i s t ance  f r o m  t h e  screen ,  However, a r c i n g  
w a s  encountered a t  only -7*5kv with this  head. This shape was 
t r i e d  to determine whether t h e  powder would be more e f f e c t i v e l y  
kept away from t h e  quar tz  w a l l s  by d i r e c t i n g  t h e  powder toward 
t h e  cen te r  i n s t ead  of toward the  walls, 
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Apparatus I1 
The appara tus  (11) shown i n  Figure 2 1  w a s  operated using hydrogen, 
argon, o r  mixtures of t h e s e  gases.  Upon dtscharging from t h e t r  
r e spec t ive  flowmeters, t h e  gases  were mixed while flowing through 
1/4-inch copper tubing to t h e  d i spe r s ing  chamber. The composition 
of t h e  mixed gases expressed i n  volume percent  of argon is  l i s t e d  i n  
Table 8 f o r  each tes t  run. 
t e s t  i s  a l s o  l i s t e d  and w a s  used with t h e  t o t a l  gas flow rate to 
The average powder feed rate during each 
c a l c u l a t e  a n  average powder concent ra t ion  which is  l i s t e d  as m i l l i -  
grams p e r  l i t e r .  
This appara tus  allowed c o l l e c t i o n  of both a dispersed f r a c t i o n  of 
t he  powder which p a s s e d  through the  hot  zone and an undispersed f r a c -  
t i o n  which f e l l  d i r e c t l y  through t h e  d i spe r s ing  chamber i n t o  a 
detachable  c o l l e c t i o n  vesse l .  Both f r a c t i o n s  were weighed a f t e r  
completion of a tes t  run, t h e  t o t a l  of which w a s  used to c a l c u l a t e  t he  
average powder feed rate. The dispersed f r a c t i o n  was a l s o  used to 
c a l c u l a t e  a d i spe r s ing  e f f i c i e n c y  as a percent  of t he  t o t a l  powder 
fed.  This i s  a l s o  l i s t e d  i n  Table 8 and w a s  used to help i n d i c a t e  
t h e  e f f ec t iveness  of d i spe r s ing  along wi th  t h e  s p e c i f i c  su r face  of 
t h e  dispersed f r a c t i o n .  Both types of data were examined f o r  cor re-  
l a t i o n  with opera t ing  condi t ions,  t he  most s i g n i f i c a n t  of which 
a p p e a r  to be those i l l u s t r a t e d  g raph ica l ly  i n  Figures 26 and 27. 
The gas composition has a profound e f f e c t  upon t h e  d i spe r s ing  
e f f i c i e n c y  as w e l l  as upon t h e  p o t e n t i a l  which may be appl ied  with- 
out arc ing .  The a r c i n g  p o t e n t i a l  w a s  not always t h e  same, 
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presumably depending on t h e  n i c k e l  powder as w e l l  as the gas composi- 
t i o n .  The gas flow rate seemed t o  in f luence  t h i s  also. This va r i a -  
t i o n  caused d i f f i c u l t y  i n  obta in ing  repeated t e s t  runs a t  the  same 
p o t e n t i a l  f o r  comparison of o the r  f a c t o r s .  
Figure 26 shows the  v a r i a t i o n  of d i spe r s ing  e f f i c i e n c y  with gas compo- 
s i t i o n  f o r  t h r e e  d i f f e r e n t  l e v e l s  of powder concentrat ion.  This 
e f f i c i e n c y  inc reases  up t o  30 volume percent  argon, but i t  i s  
unce r t a in  whether h igher  argon concent ra t ions  would be b e n e f i c i a l  o r  
not .  T e s t  numbers 1, 8, and 9 i n  which higher  argon concent ra t ions  
were used, a l l  r e s u l t e d  i n  lower d i spe r s ing  e f f i c i e n c y ,  
The e f f e c t s  of powder concent ra t ion  i n  the gas on the  s p e c i f i c  sur -  
f ace  of t he  heated dispersed f r a c t i o n  may be sought from Ftgure 27, 
which shows a p l o t  of t hese  f a c t o r s  with d i f f e r e n t i a t i o n  made f o r  
d i f f e r e n t  res idence times (gas flow rate)  o r  presence of hydrogen. A 
t rend  favor ing  higher  powder concentrat ions ( t o  give  h igher  s p e c i f i c  
s u r f a c e s )  appears t o  e x i s t ,  a t  l e a s t  f o r  a mixture of hydrogen and 
argon flowing a t  240 l i t e r s  p e r  hour. The explana t ion  f o r  t h i s  t rend  
may involve e i ther  t h e  na tu re  of the behavior of charged n i c k e l  p a r t i -  
c l e s  o r  t h e  mechanism by which the  p a r t i c l e s  l o s e  t h e i r  charges.  
However, n e i t h e r  of t hese  f a c t o r s  i s  w e l l  understood now., 
The p o l a r i t y  of the a p p l t e d  p o t e n t i a l  a p p e a r s  t o  be q u i t e  s t g n i f i -  
can t  i n  t h i s  system, P r a c t i c a l l y  all of the  tests run with a 
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p o s i t i v e  p o t e n t i a l  r e s u l t e d  i n  very low d i spe r s ing  e f f i c i e n c i e s ,  
whereas a l l  of those with d i spe r s ing  e f f i c i e n c i e s  approaching a 
p r a c t i c a l  va lue  were run  with a negat ive p o t e n t i a l .  
The h ighes t  d i spe r s ing  e f f i c i e n c y  measured i n  any of the tests with 
apparatus  I1 was about 17$* 
was not  i nves t iga t ed  to determine its cha rac t e r  OP behavior during 
The 83% c o l l e c t e d  as undispersed powder 
f u r t h e r  t reatment ,  Howevey, even i f  it had no f u r t h e r  value,  the 
e x t r a c t i o n  of 17% of t h e  o r i g i n a l  powder which cost $15 per  pound 
would r e s u l t  i n  a ne t  c o s t  of t h i s  dispersed f m c t i o n  of 
This compares wi th  a p r i c e  of $200 to $350 per  pound f o r  o the r  pur- 
chased submicron n i c k e l  powder, and should be considered as a 
f e a s i b l e  s o l u t i o n  t o  t h e  d i spe r s ing  problem should no b e t t e r  solu- 
t i o n  be reached with a reasonable amount of e f f o r t .  
Comparison of S h e r r i t t  Gordon and NRC Powders Run i n  Apparatus 11 
NRC powder wax run i n  appamtus  11 using t h e  same condft ions as were 
used f o r  a tes t  wt%h SherrLt t  Ccrdon powder, The r e s u l t s  obtatned 
are shown i n  Table 10, which includes t h e  s p e c i f i c  su r face  d a t a  
obtained on the as-purchased powders, Samples of each powder were 
also run through t h e  appziratus, without t h e  ho t  zone, as a f u r t h e r  
comparison. Samples of each powder, both with and without treat- 
ment i n  the hot zone, wer5 submitted f o r  examination by the 
e l e c t r o n  microscope, The e l e c t r o n  micrographs obtained both  a t  a 
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TABLE 10 
Dispersing of Sherri t t  Gordon and IYRC 
Submicron Nickel Powder 
Powder Powder Zone Dispersing Spec i f i c  P a r t i c l e  
Rate Cone Temp E f f  i c ienzy  Surface Diameter 
Powder g/hr mg/ l  "C % _m2/g Microns P 
SG - - - - 25.3 0,018 
SG 9.6 40.0 Rm 9.3 26.3 0.017 
SG 9.9 41.1 700 13.5 2.7 0.167 
NRC - - - - 39.6 0.012 
NRC 4.3 17.9 Rm 5.3 40-5 0,011 
NRC 2.97 12.4. 700 9.3 3.3 0.136 
Argon Concentration: 10% 
G a s  Flow Rate: 240 l /h r  
P o t e n t i a l :  -10 kv 
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magnif icat ion of 12,000 and a t  50,000 are shown i n  Figures  28 
through 31 f o r  t h e  S h e r r i t t  Gordon powder, and i n  Figures  32 
through 34, f o r  t h e  NRC powder. 
The NRC powder d i d  not feed as w e l l  through t h e  v i b r a t o r y  sc reen  
as d id  the  S h e r r i t t  Gordon, The d i spe r s ing  e f f i c i e n c y  was a l s o  
less for t h e  NRC, but  t h i s  could have been low because of t h e  low 
powder concent ra t ion  whLch r e s u l t e d  from t h e  low feed rate.  I n  any 
case, t h e  NRC powder did not seem t o  have enough advantage over t h e  
I 
S h e r r i t t  Gordon to warrant i t s  cons idera t ion  f o r  f u r t h e r  extensive 
study. 
ELECTRON MICROSCOPE EXAMINATION 
OF SHERRITT GORDON AND NRC PONDERS 
RUN I N  APPARATUS 11 
All specimens were sealed i n  metal capsules  and placed i n  g l a s s  
b o t t l e s  conta in ing  argon when submitted with t h e  desc r ip t ions  shown 
i n  Table  11. 
A t  t he  beginning of t h e  experimental  work, t h e  specimens were sur-  
veyed b r i e f l y  by v i s i b l e  l i g h t  microscopy, 
hea t ing  increased aggregate  s i z e  s i g n i f i c a n t l y  and to t h e  po in t  
where t ransmission e l e c t r o n  microscopy would give,  pr imari ly ,  
s i l h o u e t t e  images i n  which elements of aggregate  geometry could not  
be recognized. 
This  showed t h a t  
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These r e su l t s  were i n  agreement with da t a  obtained by the  su r face  
area measurements shown i n  Table 11. 
TABIE 11 
Powders Examined by E lec t ron  Microscopy 
Reference No.  8675-64 8675-65 8675-68 8675-69 
TTC-412 TT0-413 TTC-414 TTC-4-15 
Source PiRC NRC S G  SG 
+"Heated to "C None 700°C None 700"c 
Spec i f i c  Surface 
(m'/gm) 40 3.3 26 2.7 
"The dispersed powder was separated from t h e  non-dispersed p r i o r  to 
hea t  t reatment .  
For t h e  work i n  l i g h t  microscopy, capsules  containing the  powders 
were opened i n  a d ry  box with n i t rogen  atmosphere having a dew 
poin t  lower than  -50°C. 
scope s l i d e s  i n  t h e  dry  box using amy1 a c e t a t e  and a very low degree 
of viscous shear .  The p a r t i c l e s  were exposed to air  b r i e f l y  f o r  t h e  
mic ros c op i d  a1 examination. 
The powders were dispersed on g l a s s  micro- 
The work i n  e l e c t r o n  microscopy a t  12,200X and 5 0 , O O O X  used t h e  
following specimen prepara t ion .  The powders were dispersed i n  the  
same manner as used f o r  l i g h t  microscopy. Following d ispers ion ,  
t h e  s l i d e  w a s  placed i n  a vacuum evaporator and a f i l m  of carbon 
(approximately 100 A t h i c k )  deposited on top of t h e  p a r t i c l e s  while 
t h e  s l i d e  was r o t a t i n g  slowly below t h e  carbon source.  During 
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Figure 28 S G  Nickel Powder, Dispersed and 
Collected,  12,200X 
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deposi t ion,  the  vacuum was b e t t e r  than low6 Torr.  
duced a high-resolut ion,  one-stage carbon r e p l i c a  of the su r face  
geometry of t h e  p a r t i c l e s .  The r e p l i c a s  were removed from t h e  
g l a s s  s l i d e  and from the p a r t i c l e s  by br ief  t reatment  i n  a s o l u t i o n  
o f  10 drops of hydrof luor ic  a c i d  (48%) i n  50 ml of d i s t i l l e d  water; 
washed b r i e f l y  i n  d i s t i l l e d  water; and mounted on specimen screens 
f o r  examination i n  t h e  e l e c t r o n  microscope. 
The method pro- 
I n  t h i s  p repa ra t ion  method, the  r e p l i c a s  were formed before  t h e  
p a r t i c l e s  experienced exposure t o  moisture  or a i r .  Some specimen 
material remained a t t ached  t o  t h e  r e p l i c a s ,  was photographed i n  
the  e l e c t r o n  microscope, and appea red  as s f l h o u e t t e s  on t h e  micro- 
graphs. 
Later i n  t h e  program, t y p i c a l  r e p l i c a s  p r e p a r e d  by t h e  method out- 
l i n e d  above were analyzed by se l ec t ed  area e l e c t r o n  d i f f r a c t i o n  t o  
determine i f  n i c k e l  oxide and/or o the r  phases less than 1000 A i n  
c r y s t a l  s i z e  were produced as a r t i f a c t s  during specimen prepara- 
t i o n .  The NRC specimen TTC-4-12 w a s  t h e  only case  where N i O  was 
de tec ted .  I n  t h i s  specfmen, c r y s t a l l i t e s  of both N i  and N i O  less 
than 200 A i n  s i z e  were i d e n t i f i e d  with N i O  being present  i n  sub- 
s tan t ia l  concent ra t ion ,  P a t t e r n  geometry f o r  t h e  o the r  t h r e e  
specimens ind ica ted  t h a t  these materials contained p r imar i ly  
c r y s t a l s  l a r g e r  than about 1000 A i n  s i z e .  These were too t h i c k  
t o  be sampled  adequately by e l e c t r o n  d i f f r a c t i o n  methods. 
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Figure 29 S G  Nickel Powder, Dispersed and 
Collected.  50, OOOX 
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Because of t h e  r e l a t i v e l y  high N i O  conten t  i n  the  TTC-412 specimen, 
as de tec ted  by e l e c t r o n  d i f f r a c t i o n ,  it was dectded t h a t  5.n the  
la ter  work, a l l  spectmens should be analyzed by X-ray d i f f r a c t i o n  
powder methods. A l l  specimens were mounted Ln quartz f i b e r s  of 
g l a s s - l i k e  s t r u c t u r e ,  while pro tec ted  by n i t rogen  atmosphere i n  
the  dry  box. Resul t s  of t h e  analyses  showed t h a t  TTC-412 contained 
N i O  i n  s i g n i f i c a n t  populat ion of c r y s t a l s  l a r g e r  than 1000 A. 
Af t e r  heat ing,  the Mi0 concent ra t ion  was reduced considerably,  
The heated specimen contained a l s o  an  un iden t i f i ed  phase of low 
population. Only n i c k e l  metal wa,s de tec ted  t n  TTC-414 and TTC-415. 
Combtned r e s u l t s  from e l e c t r o n  and X-ray d t f f r a c t i o n  suggest t h a t  
specimen p repa ra t ion  f o r  e l e c t r o n  microscopy d i d  no t  introduce any 
s u b s t a n t i a l  c r y s t a l l i n e  contamination i n t o  t h e  specimens 
Because some elements of su r f ace  geometry i n  a l l  specimens and t h e  
u l t ima te  c r y s t a l  s i z e  i n  specimen TTC-412 could not  be observed to 
best advantage a t  50,00OX, micrographs were prepared during t h e  
l a t e r  work which showed t h e  specimens a t  106,400X. 
Based on t h e  powder-dispersing t e s t s  repor ted  i n  Apparatus 111, i t  
was recommended. t h a t  no f u r t h e r  d i spe r s tng  tests be made, a t  l e a s t  
u n t i l  t h e  o v e r a l l  f e a s i b f l i t y  of reaching the oxygen-purity goa l  
was es t ab l i shed ,  
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Figure 30 S G  Nickel Powder, D i spe r sed ,  Heated 
t o  TOO"C., and Col leGted .  12,200X 
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Figure 31 S G  Nickel Powder, Dispersed, Heated 
t o  700°C., and Collected.  5 0 , O O O X  
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Figure 32 NRC Nickel Powder, D i s p e r s e d  
and C o l l e c t e d .  12,200X 
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Figure 33 NRC Nickel Powder, Dispersed and 
Collected.  106,400X 
Figure 34 NRC Nickel Powder, Dispersed, Heated 
to 700°C., and Collected.  12,200X 
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Figure 35 NRC Nickel Powder, Dispersed, H e a t e d  
t o  7oo0c., and Collected.  1 0 6 , 4 0 0 ~  
POWDER PURIFICATION 
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APPARATUS AND PROCEDURE 
The appara tus  was designed and f a b r i c a t e d  to al low a l l  t h e  powder 
handling and processing t o  be done without any contac t  with a i r  o r  
oxygen. 
The major necessary equipment to accomplish t h i s  was t h e  glove box 
and i t s  a u x l l l a r y  system, i n  which argon was c i r c u l a t e d  and pur i -  
f i e d  with r e spec t  to oxygen and water. This i s  descr ibed i n  d e t a i l  
below. 
Figure 36 shows t h e  apparatus  as mounted on a rack, and Figure 37 
o u t l i n e s  p a r t s  of t h e  feeding apparatus inc luding  t h e  detachable  
loading assembly. 
LOADING ASSEmLY 
The assembly, 
detachable  a t  
mounted a t  t h e  top of t h e  apparatus  (F igure  37) i s  
a union f o r  loading t h e  powder i n  t h e  glove box. 
A l s o  detachable  i s  a g l a s s  conta iner  which i s  sea led  with a rubber 
O-ring. When t h e  conta iner  i s  loaded with powder and i s  sea led  i n  
t h e  glove box, no a i r  can reach t h e  conten ts  while t he  assembly i s  
being t ranspor ted  and fas tened  with t h e  union to t h e  feeding 
apparatus .  The space between t h e  two b a l l  valves  i s  then  purged 
with a flow of pure gas which enters from below and e x i t s  through a 
small p o r t  next to t h e  union to a bubbler whlch a c t s  as a check 
valve to prevent  a i r  from enter ing .  A f t e r  t h e  purging, t h e  b a l l  
valve is  opened to al low t h e  powder t o  f a l l  i n t o  t h e  chamber of 
Figure  36 Overall  V i e w  of Apparatus 
Pag 
DETACURBLE 
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Figure 37 Feeding Apparatus Showing Method of Mounting 
t h e  feeding  apparatus.  This  s to rage  chamber can be pressurized,  i f  
desired,  af ter  t h e  valve a t  t h e  top is closed.  The normal proce- 
dure, however, was to l eave  t h e  powder a t  atmospheric pressure  
before  and during feeding, as w e l l  as during t h e  reduct ion  
cleaning.  
FEEDING APPARBTUS 
The apparatus,  shown i n  F igure  38, c o n s i s t s  of a r o t a t i n g  valve, a 
tapping device, and a v i b r a t o r y  sc reen  with i t s  d r iv ing  equipment 
The 325-mesh sc reen  feeds t h e  powder i n t o  t h e  quar tz  chamber i n  
which p u r i f i c a t i o n  takes place.  The r o t a t i n g  va lve  feeds t h e  
’ ,  
powder from t h e  s to rage  chamber onto t h e  screen, upon which i t  
maintains cons tan t  depth of powder, The tapping device causes t h e  
powder to fill more completely t h e  p e r i p h e r a l  c a v i t y  i n  t h e  
r o t a t i n g  valve, as w e l l  as to empty i t  more completely each 
revolu t ion .  
The r o t a t i n g  valve c o n s i s t s  of a h o r i z o n t a l  cy l inde r  f i t t e d  t i g h t l y  
i n  a housing wi th in  which i t  i s  r o t a t e d  by an  adjustable-speed B6B 
gearmotor, A c a v i t y  i n  t h e  s i d e  of t h e  cy l inde r  i s  a l igned  with an 
entrance p o r t  a t  t h e  top and an e x i t  p o r t  a t  the bottom of t h e  
housing through which powder flows by g r a v i t y  and tapping. The 
r o t a t i n g  valve assembly i s  t apped  sha rp ly  by an  e l e c t r i c a l  sole-  
noid which strikes t h e  under s i d e  of t h e  assembly base p l a t e  a t  
t h e  time t h e  c a v i t y  i s  i n  p o s i t i o n  t o  r ece ive  o r  discharge powder. 
The solenoid i s  tkmed from a cam mounted on t h e  s h a f t  of t h e  
r o t a t i n g  valve and a microswitch a c t i v a t e d  by i t .  
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38* Feeding Appara tus  
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The screen  i s  dr iven  a t  any desired v i b r a t i o n  frequency and ampl i -  
tude by a mechanical connection t o  the diaphragm of an  audio 
d r i v e r ,  Thls  i s  dr iven  by a n  a m p l i f t e r  which rece ives  a s i g n a l  
from an  audio generator .  
PURIFICATION 
The r e a c t o r  s e c t i o n  c o n s i s t s  of a v e r t i c a l ,  t ransparent  fused quar tz  
tube, 70-mm I . D .  wrapped with a high-temperature hea t ing  tape and 
Refrasi14%nsulating tape .  The heated zone i s  38 em. long, a l though 
a few tes t  runs were made using an  81-em zone. The temperature is  
sensed f o r  monitoring and c o n t r o l  by a Chromel-Alwnel thermocouple 
l n s e r t e d  between the hea t ing  tape and t h e  quar tz  tube. T h i s  t ape  
temperature w a s  compared w i t h  the gas temperature measured under 
var ious condi t ions  as described below. 
The upper end of t h e  quar tz  r e a c t o r  tube was sealed wi th  an  O-ring 
to the  feeding apparatus .  At the bottom i t  was t a p e r e d  to a 30-mm 
I .D .  tube and sealed to the metal c o l l e c t o r  tube w i t h  Tygon o r  
rubber tubing and a hose clamp. It was found desirable t o  e l i m i -  
na t e  a tapered s e c t i o n  of t h e  r e a c t o r  tube above the hot  zone 
because of the tendency f o r  powder to c o l l e c t  on the quar tz  w a l l  
u n t i l  a l a y e r  formed s u f f i c i e n t l y  t h i c k  t o  f a l l  o f f .  When th i s  
occurred pe r iod ica l ly ,  the powder f e l l  r a p i d l y  through the hot 
zone i n  a n  undispersed condi t ion  and fa i led  to be proper ly .c leaned .  
* Trademark of H. I. Thompson F ibe r  Glass Co. 
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Cor re l a t ion  of Gas and Tape  Temperatures 
A shielded,  non-aspirated thermocouple probe was f a b r i c a t e d  and 
i n s t a l l e d  a t  t h e  c e n t e r  of t h e  quar tz  tube chamber a t  t h e  bottom 
of t h e  heated zone. The thermocouple w a s  made from 28-gauge 
Chrome1 and A l u m e l  wire. Measurements were made f o r  var ious gas 
flow rates and heating-tape temperatures f o r  argon and hydrogen. 
Resul t s  are summarized i n  Table 12. 
TABLE 1 2  
Gas-Temperature Measurements 
Hydrogen Argon 
240 
_I 
60 
e__ 
2'4 0 -60 -Flow R a t e ,  l / h r .  
Temperature of 
Heating Tape, O C  
300 173 C 200°C 183 O c 215°C 
450 276 308 288 322 
600 393 422 402 434 
The temperature p r o f i l e  of t h e  gas as i t  emerges from t h e  hot  zone 
was measured using t h e  thermocouple probe which was modified f o r  
t h i s  purpose by making i t  adjustable  i n  pos i t i on .  Various posi-  
t i o n s  between t h e  ou te r  w a l l  and t h e  c e n t e r  of t h e  quar tz  tube 
were each chosen t o  be midway between %maginary concent r ic  c i r c l e s  
which d iv ide  t h e  c ross -sec t iona l  a r e a  of t h e  tube i n t o  seven (or 
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f o u r )  equal  areas. The temperature measurements were averaged 
a r i t h m e t i c a l l y  to g ive  an estimate of the average temperature of 
the e n t i r e  gas stream on a volume basis. 
The average temperatures measured and t h e  ranges of temperatures 
found across  the diameter of the  tube are l i s t e d  %n Table  13, 
according to the var lous  heating-tape temperatures, gases, and 
gas flow rates used, 
Col lec t  ion of Powder 
An e l e c t r o s t a t i c  c o l l e c t o r  was chosen because of the extremely 
small u l t ima te  p a r t i c l e  s i z e  based on the s p e c i f i c  su r face  of the 
submicron n i c k e l  powder. However, s i n c e  our d i spe r s ing  techntques 
d i d  not  produce a d i spe r s ion  of the u l t ima te  p a r t i c l e s ,  and s i n c e  
i t  was found d l f f , i c u l t  to prevent arc-over when some q u a n t i t y  of 
powder had been co l l ec t ed ,  another  c o l l e c t i o n  method may have been 
preferable. 
A n  e l e c t r o s t a t i c  p r e c i p i t a t o r  was f a b r l c a t e d  from a s teel  tube, as 
i l l u s t r a t e d  i n  Figure 39. A concentr ic  metal rod which serves  as 
the ion iz ing  e l e c t r o d e  i s  supported by t h e  Neoprene s t o p p e r  a t  t h e  
bottom. The o u t e r  tube i s  a t  ground p o t e n t i a l  to a t t r a c t  the pa r -  
t i c l e s ,  while the gas d5scharges through the glass o u t l e t  tube and 
subsequently through two bubblers conta in ing  vacuum pump ot.1. 
A t  the  end of a running period, a squeeze clamp is t ightened evenly 
on the connecting rubber tubing u n t i l  the gas flow, as observed i n  
the ex i t  gas bubbler, s tops .  After tu rn ing  of f  the i n l e t  gas flow 
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Run 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41  
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
Temperature, "C. 
Tape G a s  
275 
27 5 
700 
700 
700 
700 
700 
700 
600 
600 
700 
500 
700 
500 
700 
500 
600 
550 
50u 
550 
500 
525 
515 
520 
600 
525 
500 
535 
500 
500 
450 
400 
500 
500 
4 50 
47 5 
500 
450 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
310 
560 
150 
160 
495 
517 
482 
500 
512 
4 15 
390 
495 
335 
495 
335 
508 
308 
390 
348 
308 
37 5 
350 
355 
355 
355 
415 
355 
335 
363 
308 
313 
363 
297 
260 
335 
335 
297 
315 
335 
297 
335 
335 
33 5 
335 
335 
335 
335 
335 
33 5 
335 
335 
335 
33 5 
200 
508 
Carrier G a s  
100 
0 
100 
0 
100 
50 
75 
25 
100 
100 
100 
100 
100 
100 
50 
100 
100 
100 
100 
100 
100 
100 
50 
75 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
15. 
15 
240. 
240. 
120 * 
240. 
240, 
240. 
240. 
15 * 
240. 
240. 
240. 
240. 
240. 
15 * 
15 * 
15 * 
15 * 
240. 
360. 
240. 
240. 
240. 
240. 
240. 
240. 
240. 
15 - 
60. 
60. 
240. 
240. 
240. 
240. 
240. 
240. 
240. 
240. 
240. 
240 
240. 
240 a 
240. 
240. 
240. 
240. 
240. 
240. 
240. 
240. 
240. 
240. 
TABLE 14 
POWDER PURIFICATION 
Powder Feed 
R a t e ,  a/hr. 
0.63 
2.97 
. 1.69 
0.58 
1.36 
6.74 
1.96 
, 4-83 
1-95 
2.23 
0.49 
1.74 
0.55 
0.65 
1.17 
0.17 
1.57 
3.55 
1.20 
1.17 
1-09 
0.72 
2.74 
1 .&4 
1.03 
11.37 
2.62 
1.30 
1.34 
1.13 
1 e57 
0.78 
1.06 
3.9 
2.54 
1.38 
2.58 
2.17 
1.83 
3.02 
3.86 
1.56 
3-32 
2.02 
4.50 
5.5 
4.6 
12.1 
2.25 
1.71 
2.83 
12.4 
2.64 
Residence 
Time, Sec. 
352 
352 
22 
22 
44 
22 
22 
22 
22 
352 
22 
22 
22 
22 
22 
352 
352 
352 
352 
22 
14.7 
22 
22 
22 
22 
22 
22 
22 
352 
88 
88 
22 
22 
22 
22 
22 
22 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
47 
22 
22 
Par t ic le  
D i a .  p 
0.06 
0.04 
0.18 
0.06 
0.23 
0.29 
0.22 
0.20 
0.18 
0.20 
0.41 
0.16 
0.18 
0.19 
0 .og 
0.20 
0.14 
0.16 
0.23 
0.14 
0.11 
0.14 
0.13 
0.14 
0.14 
0.11 
0.10 
0.13 
0.15 
0.11 
0.15 
0.08 
0.08 
0.10 
0.10 
0.08 
0 .og 
0.15 
0 .og 
0.10 
0.07 
0.10 
0.10 
0.11 
0.11 
0.16 
0.15 
0.17 
0.15 
0.06 
0.10 
0.05 
0.10 
*81-cm. hot zone w a s  used for runs 38 through 51. 
Specific 
Surf ., m 2 / a .  
7-76 
12.5 
2.51 
7.41 
1.95 
1.55 
2.04 
2.27 
2.48 
2.27 
1.10 
2.80 
2 .oo 
2.51 
2.34 
4.83 
2.24 
3.25 
2.81 
4.28 
3.42 
3-29 
5-29 
3.23 
3.15 
4.11 
4.33 
3 -38 
3.02 
4 . lg 
3.01 
5.95 
5.65 
4.32 
4.66 
4.89 
3.06 
4.88 
4.32 
6.19 
4.56 
4.71 
3.95 
3-91  
2.74 
4.61 
2.67 
3.00 
7.04 
4.32 
9.19 
5 -72 
2 -97 
1.25 
2.4 
0.048 
3 -1 
0.15 
0.15 
0.23 
0.23 
0.0'43 
0.048 
0.051 
0 258 
0.14 
0.15 
0.48 
0.34 
0.053 
0.086 
0.022 
0.064 
0.087 
0.054 
0.059 
0 e093 
0.107 
o .027 
0.038 
0.060 
0.024 
0.041 
0 .OS4 
0.044 
0.062 
0.034 
0.036 
0.062 
0.042 
0.048 
0.056 
0.045 
0.52 
0.061 
0 -077 
0.060 
0.038 
0.046 
0.070 
0.051 
0.23 
0.21 
0.23 
0.049 
0.245 
Other 
Variables 
*81-cm. hot zone 
-5 kv. Disperser V 
+5 kv. Disperser V 
910 kv Dispersei  V 
H2 Pre-treatment 
Powder ran again 
Processed 2nd t i m e  
Vacuum Outgas 
NRC Powder 
NRC Powder 
Vi t ro  Powder 
I 
P a g e  84  
G a s  T e m D e r a t u r e  V e r s u s  TaDe T e m e r a t u r e  
Plow R a t e ,  1.2 -l-iters/hr 
Hydrogen 
60 - 240 -
T a p e  
Temp. 
"C 
3 00 
450 
600 
78 0 
- Temp. Range  Temp. Range Temp, Range 
16 4 4 168 4 194 10 
26 9 6.5 273 7 297 17 
386 6 396 9 4 15 17 
- - 570 (Center 
Temp. ) 
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240 
L 
60 
I_ 
1.2 -
- Temp. Range Temp. Range Temp. Range 
300 16 0 1.5 178 6*5 211 11 
459 274 5 289 8.5 321 18 
6 00 397 6.5 409 7 438 10 
50% H2-50$ A r  Mtxture 
120 - 240 -
600 
700 
780 
Temp. Range  Temp. Range 
- 423 10 
495 8.5 5 08 11 
- 570 ( C e n t e r  
Temp. ) 
I 
350 mrn 
220 mm 
Steel Tubing b 
Tygon Tubing 
lnsu lot ion 
c 
Neoprene 
Stopper 
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Elect rode 
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and clamp ing  t h e  o u t l e t  tubing closed, t h e  c o l l e c t o r  i s  dTs- 
connected by r e l e a s i n g  t h e  rubber tubing from t h e  quar tz  apparatus  
and placed i n  t h e  glove box f o r  e x t r a c t i o n  of t he  powder. 
Glove Box System 
A pure argon atmosphere w a s  maintained i n  a s t a i n l e s s - s t e e l  glove 
box which was equipped with 0.030" t h i c k  b u t y l  gloves and a vacuum 
interchange.  An argon-pur i f ica t ion  systemwas used t o  m3intain i t s  
p u r i t y  and t o  reduce t h e  consumption of makeup argon. This i s  
described schemat ica l ly  i n  Figure 40, and c o n s i s t s  of a hermeti- 
c a l l y  sealed pump, o , i l  separator, De-Oxo c a t a l y s t ,  and molecular 
s i e v e  drying column. 
The glove-box argon was continuously analyzed with Meeco ana lyzers  
for 02 and H20 during any period i n  which n i c k e l  powder was 
exposed to it. The glove box was used f o r  charging n i c k e l  powder 
to be  cleaned i n t o  t h e  detachable  loading assembly, f o r  e x t r a c t i o n  
of t h e  cleaned powder from t h e  c o l l e c t o r s ,  and for t h e  loading of 
a n a l y t i c a l  samples i n t o  t i n  capsules  which were sea led  by a 
con t ro l l ed  crimp. During such use, t h e  ind ica t ed  02 and H20 con- 
t e n t s  of t h e  glove-box argon were between 2 and 12, and 1 and 8 
ppm, r e spec t ive ly .  
RESULTS OF REDUCTION TESTS 
T a b l e  14 l i s t s  t h e  r e s u l t s  of t h e  reduct ion  t e s t s  as w e l l  as the  
6es.t; condi t ions  used for each test run. The e f f e c t  of heat ing-tape 
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temperature was evaluated using values  between 275°C and 700°C, 
which correspond to gas temperatures estimated t o  be between 
1 5 0 ° C  and about 500°C. 
removal from t h e  n i c k e l  powder i s  ind ica t ed  i n  the  t a b l e  and 
i l l u s t r a t e d  i n  Figure 41, which is  a p l o t  of the data f o r  gas 
temperature vs .  oxygen contents  of t h e  cleaned n i c k e l  powder 
obtained when a 15" hot  zone was used. 
many of the  po in t s  should ind ica t e  t h e  lowest oxygen content  one 
could expect to ob ta in  f o r  any given gas temperature. Since only 
an e r r o r  i n  the analyzed oxygen values  on the high s i d e  would be 
expected, t he  po in t s  which a r e  apprec iab ly  above the curve may 
be considered as being probably caused by a c c i d e n t a l  exposure of 
t h e  p u r i f i e d  powder to t r a c e s  of oxygen, Later i n  the program, 
fewer high oxygen values  were obtained, a f a c t  that  may be a t t r ib-  
u t ab le  to a gradual  improvement i n  technique t o  minimize leaks i n  
the  t i n  capsules,  o r  other sources of oxygen contamination, For 
The e f f e c t  of gas temperature on oxygen 
The curve drawn through 
the same reason, some ind iv idua l  oxygen analyses  of cleaned powder 
were discarded because they  d i f f e r e d  s i g n t f t c a n t l y  from the o the r  
three o r  fou r  analyses  of the same samples .  T h e  maximum dev ia t ion  
allowed i n  each case  w a s  determined by a nonparametric s t a t i s t i ca l  
test. ( 5 )  
The  e f f e c t  of gas temperature on the s p e c i f i c  su r face  of t h e  
cleaned n i c k e l  powder i s  ind ica ted  -in Table  1 4  and i l l u s t r a t e d  
g raph ica l ly  i n  Figure 42, which i s  a p l o t  of the data f o r  gas 
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temperature vs .  s p e c i f i c  su r face  a l s o  obtained when a 15" h o t  zone 
was used. The e f f e c t  of using argon without hydrogen, as the 
c a r r i e r  gas, i s  a l s o  ind ica t ed  i n  th i s  f i g u r e  f o r  two extremes of 
gas temperature. Figure 43 i l l u s t r a t e s  the e f f e c t ,  when t h e  gas 
conta ins  hydrogen, of gas-residence t i m e  and gas temperature on 
the average p a r t i c l e  d i a m e t e r  of the cleaned powder equivalent  t o  
i t s  s p e c i f i c  sur face .  
Figures  44-47 i l l u s t r a t e  the s t r u c t u r e  of the processed n i c k e l  
powder p a r t i c l e s .  These are e l e c t r o n  micrographs taken f r o m  product 
powder from tes t  run No. 32. 
a magnif icat ion of 12,000, and f i g u r e s  46 and 47 are of d i r e c t  
r e p l i c a s  a t  magnif icat ions of 12,000 and 19,900, r e spec t ive ly .  
Figures 44 and 45 are s i l h o u e t t e s  a t  
RESULTS OF STORAGE TESTS 
Table 15 summarizes the r e s u l t s  of the s to rage  t e s t s  as w e l l  as 
i n d i c a t i n g  the methods used and the number of tests made by each 
method. The v a r i a b i l i t y  of r e s u l t s  o b t a i n e d ' i n  d i f f e r e n t  tests 
of t h e  same method i s  ind ica ted  by the "minimum" and "maximum" 
columns which l i s t  the lowest and the highest  rates of oxygen 
increase  observed f o r  any t e s t  of that  method. The r e s u l t s  of a l l  
s to rage  tests are l is ted i n  Table  16 with the condi t ions of s to rage  
used f o r  each tes t .  Addit ional  s to rage  tests were conducted using 
a s t a i n l e s s - s t e e l  conta iner  having a clamped, gasketed cover. The 
condi t ions  t e s t e d  and r e s u l t s  of tests of these conta iners  are 
0 
0 
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Figure 44. Electron Micrograph S i lhoue t t e  of Cleaned 
Nickel P a r t i c l e s a t  12,OOOX. 
Figure 45 . Elec t ron  Micrograph S i lhoue t t e  of Cleaned 
Nickel P a r t i c l e  at  12,OOOX. - 
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Figure 46 Direct-Replica E lec t ron  Micrograph of Cleaned 
Nickel P a r t i c l e  at  12,OOOX. 
Figure  47. Direct-Replica Elec t ron  Micrograph of' Cleaned 
Nickel P a r t i c l e  at 19,gOOX. 
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48 
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14 
21 
31 
10 
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T A B U  16 
Powder Storage Tests  
Opening Atmosphere 
PPm 02 PPm H20 
B e f o r e P _ f t - -  e r  Before a f t e r  
20 
13 
12 
12 
2.2 
3.3 
4.5 
2 *5 
4.5 
7 
4 
5.5 
3.9 
10 
10 
4 
8.4 
1.6 
1.9 
1.9 
2 .o 
2 -7 
- 
1.4 
2.5 
2.1 
2.1 
1.6 
1.6 
1.6 
7 -7 
7 e7 
2.5 
2 -5 
2 -5 
2.5 
2.5 
1.6 
1.6 
2.5 
2.5 
2 -5 
74 
>30 
38 
38 
85 
5 -0 
4.5 
4.5 
7 
20.5 
9 
7.1 
30 
10 
730 
47 
110 
8.4 
46 
2.3 
9 -2 
2 -7 
- 
1.4 
8.4. 
2.6 
- 
1.6 
1.6 
1.6 
7.7 
7.7 
2.5 
2.5 
2.5 
2.5 
2.5 
1.6 
46 
5.6 
2.5 
2.5 
Method: Number r e f e r s  t o  numbered method i n  Table 11. 
11 
- 
2.7 
3 -0 
6 -3 
31 
43 
43 
8.2 
41 
26 
39 
44 
19 
19 
19 
20 
8.1 
7.6 
6 -7 
6 -7 
10 
- 
3.5 
10 
18 
- 
6.3 
6 - 3  
7.1 
12 
12 
13 
13 
13 
13 
13 
7.1 
8.1 
9 
8.5 
14 
0.15 
0.15 
0.23 
0.043 
0.048 
0.053 
0.053 
0.053 
o .086 
0.022 
0.059 
0.059 
0.093 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
0.107 
o .027 
0.06 
0.044 
0.034 
0.049 
0.042 
0.056 
0.056 
0.056 
0.045 
0.045 
0.045 
0.045 
0.52 
0.061 
0.061 
0.077 
0 - 077 
0.046 
0.046 
- 
0.17 
0.14 
0.36 
0.25 
0.21 
0.29 
0.387 
0 *325 
0.50 
0.066 
0.38 
0.28 
0.76 
0.54 
0.49 
0.37 
0.30 
0 - 297 
0.386 
0.283 
0.355 
0.194 
0.17 
0 -43 
0.144 
0.14 
1.82 
0.14 
0.075 
0.096 
0.069 
0.094 
0.053 
0 -053 
0.475 
0.086 
0.094 
0 -075 
1.27 
0.68 
0.41 
- 
Oxygen Increase 
Total  6 
0.02 
-0.01 
0.13 
0.34 
0.207 
0 157 
0 - 237 
0 .27 
0.414 
0.044 
0.481 
0.321 
0.397 
0 * 173 
0.653 
0.263 
0 -193 
0.19 
0.28 
0.18 
0.17 
0.110 
0.386 
0.11 
0.091 
1.78 
0.084 
0.019 
0.040 
0.024 
0.049 
0.25 
0.008 
0.008 
-0.045 
0.025 
0.027 
-0.002 
1.20 
0.63 
0.36 
- 
ppm/d ay 
7 
-4 
57 
110 
44 
51 
70 
43 
125 
14 
193 
130 
210 
79 
297 
120 
88 
40 
58 
37 
52 
37 
79 
184 
35 
91 
2220 
420 
95 
28 
120 
195 
6 
6 
-35 
21 
22 
-2 
1200 
157 
900 
- 
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descr ibed i n  the Appendix. 
p resent  i n  the glove box when the s to rage  samples were sealed, 
of t h e  argon when the s a m p l e s  were opened. Since many of the 
samples, when opened, caused the oxygen and/or water content  of 
the argon t o  rise, the ex ten t  of this r i se  i s  a lso l t s t e d .  The 
oxygen ana lyses  of t he  n i c k e l  powder before  and af ter  the s to rage  
period are l i s t e d  as we l l  as the increase  i n  oxygen content .  
Table 16 l i s t s  t h e  p u r i t y  of t he  argon 
REDUCTION OF N I C K E L  AND N i - C r  POWDER 
Nickel 
A 450-gram lot of Xherritt Gordon powder was received from Lewis 
Research Center t o  be p u r i f i e d  and re turned  f o r  f u r t h e r  t ex t i ng  . 
An i n i t i a l  reduct ion  t e s t  w a s  made using 6 grams of t h i s  l o t  t o  
check f o r  s a t i s f a c t o r y  p u r i f i c a t i o n .  The r e s u l t  was not good, 
s i n c e  i t  analyzed 0.076% oxygen. 
which analyzed 0.046% oxygen, so  it wax decided to proceed w i t h  
t h e  remainder of  the lot. Each day 's  run of 15 t o  30 grams was 
analyzed f o r  oxygen be fo re  i t  was added t o  prev ious ly  p u r i f i e d  
batches.  
La ter  an  11-gram batch was run, 
The pur i fLca t ion  was done using the fol lowing condi t ions  which 
had been found t o  be optimum: 
1. G a s :  pure hydrogen at 240 l i t e rx /hour .  
2. Temperature: hea t ing  tape w a s  500°C, giv ing  an 
estimated gas temperature of 335°C. 
3 .  Time:  res idence  t i m e  i n  the heated zone was approxi- 
mately 22 seconds. 
Oxygen analyses:  
Before processing: 
Weight l o s s  i n  ni t rogen:  3.26% (2320) 
Weight loss i n  hydrogen: 7.24% (B20 -t- 0,) 
N e t  02: 3.98% 
A f t e r  processing: 
Average 02: 0.033% 
The process  e f f i c i e n c y  w a s  88.5%. 
cess ing  occurred as fol lows:  
Losses of n i c k e l  during pro- 
Retained on feed screen:  10 grams 2.4% 
Adhered t o  reduct ion  tube: 23 grams 5.5% 
15 grams 3.6% 
T o t a l  48 grams 11.5% 
_e 
Entrained i n  e x i t  gas: 
I n  addi t ion ,  9 grams of product was consumed i n  oxygen analyses  
and 17 grams of feed powder was used i n  two prel iminary reduct ion 
tests.  
A t o t a l  of 369 grams was sealed i n  two of t h e  s t a i n l e s s  s t e e l  
conta iners  (see Appendix) and returned to Lewis Research Center 
f o r  f u r t h e r  processing . 
80 Nickel-20 ChromTum 
A 20-gram l o t  of submicron 80Ni-20Cr powder w a s  a l s o  received 
from Lewis Research Center. This was analyzed f o r  oxygen and 
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processed i n  t h e  apparatus  i n  two batches us ing  the same condi t igns  
as descr ibed above for the n i c k e l  powder. 
Oxygen analyses:  
Before processing:  12.9% 
A f  t e r  process ing  : 
Batch no. I: 3.6% 
Batch no. 2: 6.0% 
Each ba tch  which weighed 6 grams was sea led  i n  a separate s t a i n -  
less s tee l  con ta ine r  and returned t o  Lewis Research Center. 
CONCLUSIONS 
1. The method of f l u i d i z a t i o n  with t r a n s p o r t  i s  capable of prod- 
ucing a t  a rate of 12 ,5  grams p e r  hour submicron n i c k e l  powder 
having a maximum oxygen content  of 0.059 by weight while 
r e t a i n i n g  a minimum s p e c i f i c  su r face  of 3.0 square meters p e r  
gram. Operating condi t ions  which have produced these  r e s u l t s  
include a flow of pure hydrogen of 240 l i t e r s  p e r  hour through 
a zone 15” long i n  which it  remains for about 22 seconds and 
reaches a n  estimated temperature of about 335°C. 
2. Oxygen was more e a s i l y  removed f r o m  S h e r r i t t  Gordon Type GX-3 
n i c k e l  powder than  i t  was f r o m  e i t h e r  NRC Ul t ra - f ine  n i c k e l  
powder or V i t r o  Laborator ies  Submicron n i c k e l  powder. 
3. Although the s p e c i f i c  sur face  of S h e r r i t t  Gordon GX-3 n i c k e l  
powder a f t e r  being t r e a t e d  t o  remove oxygen a p p e a r s  equiva len t  
t o  an average p a r t i c l e  diameter of about 0.1 micron, t h e  powder 
i s  a c t u a l l y  agglomerated to p a r t i c l e s  most of which have 
diameters w e l l  d i s t r i b u t e d  over t h e  range 1/2 to LO microns, 
even after being subjected t o  r a t h e r  severe shear  fo rces .  
4. The oxygen content  of S h e r r i t t  Gordon powder can be reduced t o  
0.05% by weight o r  less a t  gas temperatures of about 3 0 0 ° C  o r  
h igher  . 
5. The s p e c i f i c  su r face  of S h e r r i t t  Gordon powder can be maintained 
above 3.0 square meters p e r  gram (equiva len t  to an  average 
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p a r t i c l e  diameter of 0.15 micron) a t  gas temperatures of about 
380°C o r  lower when dispersed i n  a gas whose residence t i m e  i n  
the hot  zone is 80 seconds o r  l e s s .  
6. The equivalent  p a r t i c l e  diameter inereaxes w i t h  increased gas 
res idence  t i m e  i n  the hot  zone f o r  cons tan t  gas temperatures. 
7. The powder-residence t i m e  increases  w i t h  gas-residence t i m e ,  but  
t h e  exact r e l a t i o n s h i p  was not  determined. 
8. Argo0 may be s u b s t i t u t e d  for p a r t  of the hydrogen with L L t t l e  
e f f e c t  on s p e c i f i c  su r face  up to about 75% by volume. 
100% argon r e s u l t s  Ln a s i g n i f i c a n t l y  higher s p e c i f i c  su r face  
than is  obtained when hydrogen i s  present .  
However, 
9. Very l i t t l e  oxygen is  removed from submicron n i c k e l  powder i n  
pure argon heated to temperatures up t o  500°C. 
10. The presence of a hlgh p o t e n t i a l  on a s t r u c t u r e  loca ted  between 
the feeder sc reen  and the hot  zone has a b e n e f i c i a l  e f f e c t  on 
p a r t i c l e  s i z e ,  but  an  adverse e f f e c t  on oxygen removal during 
heat treatment,  bo th  e f f e c t s  being more pronounced when t h e  
p o t e n t i a l  i s  negat ive than  when it  i s  p o s i t i v e .  
11. Storage of low-oxygen submicron n t c k e l  s t i l l  p re sen t s  a problem 
whLch apparent ly  w i l l  r equ i r e  more i n t e n s i v e  i n v e s t i g a t f o n  than 
could be given i n  t h i s  program. 
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12. The oxygen increase  was l i m i t e d - t o  a n  average of 4 pprn p e r  day 
when the  powder was s to red  i n  a stainless-steel  conta iner  
sealed with a rubber gasket  and which had been thoroughly 
degassed p r i o r  to being loaded. 
13. N o  c o r r e l a t i o n  w a s  found between oxygen increase  during s to rage  
and oxygen o r  water conten t  of t he  argon atmosphere i n  which t h e  
powder was sea led  up t o  20 ppm oxygen OT 180 ppm water, 
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APPENDIX 
ADDITIONAL STORAGE TESTS 
S tx  welded s t a i n l e s s  s t ee l  conta iners  having clamped, gasketed 
covers were received from Lewis  Research Center f o r  t e s t i n g  as 
s to rage  devices f o r  p u r i f t e d  submicron n i c k e l  powder. These were 
r tn sed  with methanol and p u t  i n t o  t h e  glove box prepara tory  t o  
being charged with s a m p l e s .  Powder ba tch  90 (Tab le  17) was pur t -  
f t e d  Sherritt-Gordon powder a l s o  received from Lewis, bu t  t h e  
o ther  batches cons is ted  of between 5 and 38 grams of p u r i f i e d  
Sherritt-Gordon powder from a lot used for previous reduct ion  and 
s to rage  tests. 
Batch 69 was divided and s to red  i n  2 conta iners  which had been 
exposed t o  t he  p u r e  argon atmosphere f o r  one day, and batch 70 was 
s to red  i n  conta iners  exposed f o r  two days. Some of these  con- 
t a i n e r s  were opened a f t e r  var tous lengths  of t i m e  and s a m p l e s  for 
oxygen a n a l y s t s  were removed, The contaTner numbers, t h e  l eng th  
of time i n  days and t h e  r e s u l t s  of  t hese  analyses  were as l i s t e d  
i n  Table 17. 
Batch 72 w a s  a l s o  divided i n t o  two conta iners  which had been 
exposed t o  pure argon f o r  6 days p r i o r  t o  loadTng. Sample A 
container ,  however, was, af ter  being loaded, connected t o  a 
mechanical vacuum pump and evacuated f o r  4 days t o  a pressure  less 
than  5 Torr.  It was then  returned to t h e  glove box and argon was 
admitted f o r  t he  rematnder of t he  s to rage  per iod.  
T e s t  
No. - 
6 9-A 
6 9 - ~  
69-c 
6 g - ~  
~ O - A  
7 O-B 
70-c 
7 2 - - ~  
7 2 - ~  
7 9 4  
79-B 
85-A 
9 0-A 
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TABLE 17 
Results of Storage Tes t s  i n  S ta in less  S t ee l  Containers 
Container 
No. 
2 
2 
2 
3 
4 
4 
6 
1 
5 
2 
3 
6 
5 
Days 
3 
10 
13 
13 
3 
16 
1-9 
23 
23 
33 
34 
26 
-
24 
Powder Oxygen 
Before A f t e r  
0.059% 
0.059 
0.059 
0.059 
0.032 
0.037 
0.032 
0.050 
0.050 
0,036 
0.026 
0.035 
0.076 
0,064$ 
0.134 
0.106 
0.089 
0.037' 
0,084 
0.084 
0.077 
0.058 
0 ., 049 
0,041 
0.067 
0.119 
0.005% 
0.075 
0,041 
0.030 
0.005 
0.047 
0.052 
0.027 
0.008 
0.013 
0.015 
0.032 
0.043 
17 
75 
31 
23 
17 
29 
27 
12  
3.5 
4 
4.4 
12 
18 
Batch 79 was alao divided into two containers which had been used for 
previous storage tests. Sample-B container was outgassed by evacua- 
tion for two days before being loaded for test. Sample-A container 
was evacuated overnight prior to loadtng in the glove box. After 
being loaded with sample, ,it was evacuated to a pressure of 12 Torr. 
Then it was returned to the glove box, vented with pure argon and 
removed for storage, 
Batch 85 was sealed in a glass jar with an alwnlnwn-lined cap. 
This was placed in the stainless-steel storage container which 
wa,s closed for the storage test. Batch 90 was sealed in a similar 
mannex-, but nickel powder remaining from Batch 72 storage tests 
was placed in the stainless steel container along with the glass 
container to act as a getter for oxygen leaked in- 
It was concluded that a thorough outgassing of the container to be 
used for storage was essential for low oxygen pickup by the niekel 
powder. For example, a 6-day exposure to pure argon or a vacuum 
outgassing gave satisfactory results (less than the requested 9 pprn 
per day for 22 days). Undoubtedly, a larger quantity of powder 
stored in one of these containers would suffer even less oxygen 
pickup than the quantities tested. 
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